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FOREWORD 


The  purpose  of  this  report  is  to  present  a  critical  review  and  summary  the  V/STOL  tech¬ 
nology  involved  in  the  development,  comr.onent  testing,  ground  ‘esting,  and  flight  testing 
of  the  X-19  aircraft.  It  is  the  final  report  of  work  accomplished  by  Curtiss~V/right  Corporation, 
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W.  F.  Meyer,  Chief  of  Structures 
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written  into  the  text  for  convenience.  Otherwise,  it  appears  on  the  reverse  side  of  the  section 
divider  page.  The  separation  of  nomenclature  by  section  is  intended  to  prevent  confusion  over 
the  duplicity  of  meanings  attached  to  given  symbols  by  the  different  disciplines  treated  in  the 
report. 

It  is  to  be  noted  that  some  of  the  material  contained  in  this  report  is  proprietary  to  Curtiss- 
Wright  and  is  so  stamped.  The  report  is  releasable  only  to  agencies  of  the  United  States 
Government.  Release  of  the  report  to  any  other  organizations  or  individuals  must  have  the 
approval  of  Curtiss-Wright. 


Information  in  this  report  is  embargoed  under  the  Department  of  State  International  Traffic  In 
Arms  Regulations.  This  report,  or  information  extracted  from  if,  may  be  released  to  foreign 
governments  by  departments  or  agencies  of  the  U.  S.  Government  subject  to  approval  of  The 
Air  Force  Flight  Dynamics  Laboratory,  or  higher  authority  within  the  Department  of  the  Air 
Force.  Private  individuals  or  firms  require  a  Department  of  State  export  license. 

Publication  of  this  report  does  not  constitute  Air  Force  approvalxSf  the  reports  findings  or  oc¬ 
clusions.  It  is  published  only  for  the  exchange  and  stimulation  off  ideas. 
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Deputy  Director 
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ABSTRACT 


This  report  contains  a  condensed  description  of  the  X-19  V/ ST''*'  Technology. 
The  broad  categories  discussed,  include  in  Section  I,  a  review  the  de¬ 
velopments  leading  up  to  the  X-19  program..  Sections  II  through  VI  c-t  de¬ 
voted  entirely  to  the  propellers,  and  the  considerations  involved  in  de¬ 
sign.  The  Radial  Force  principle  is  postulated  in  Section  II.  Interfer¬ 
ence  effects  on  the  wings  due  to  the  propellers  are  discussed  in  Section 
Illy  The  propeller  aerodynamic  design  in  hover  and  cruise  is  presented  m 
Section  IV.  Section  V  is  devoted  to  the  structure  and  control  mechanisms 
of  the  propeller.  Section  VI  relates  to  the  use  of  propellers  as  an  air¬ 
plane  control  device..  The  tandem  wing  principle  is  discussed  in  Section 
VII  covering  stability,  control,  and  drag.  Section  VIII  is  devoted  solely 
to  Ground  Effects.:  The  sizable  wind  tunnel  research  activity  leading  up 
to  the  X-19  is  presented  in  Section  IX.  The  structural  loads  in  hover, 
transition  and  cruise  are  discussed  in  Section  X.  Section  XI  presents  in¬ 
formation  pertinent  to  landing  procedures  in  hover  or  cruise  in  the  event 
of  power  failure.;  A  summary  of  the  flight  test  program  is  given  in  Section 
XII,  including  aircraft  and  hardware  performance  characteristics.  Finally, 
Section  XIII  is  devoted  to  a  general  discussion  and  assessment  of  the  air¬ 
craft's  unorthodox  features. 
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TANDEM  WING  AIRPLANE 

1.  FLIGHT  CONTROL  OF  TANDEM  WING  AIRCRAFT 
a.  Transition  Flight  Regime 

(1)  Introduction 

The  transition  regime  is  defined  as  the  flight  region  between 
propellers  fully  tilted  up  (hover)  and  propellers  fully  tilted 
down  (cruise).  This  normally  corresponds  to  a  speed  range 
from  zero  to  160  knots. 

Thtoughout  transition,  the  relationship  between  front  and  rear 

nacelle  angle  of  0  =  1.184  0  is  maintained.: 

F  R 

(2)  Assumptions 

The  stick  fixed  equations  of  motion  contain  the  following  as¬ 
sumptions  : 

(a)  The  airplane  is  a  rigid  body. 

(b)  The  xz  plane  through  the  airplane's  center  of  gravity  is 
a  plane  of  mirror  symmetry. 

(c)  The  axes  of  any  number  of  rigid  spinning  rotors  are  fixed 
in  direction  relative  to  the  body  axes  and  these  rotors 
have  constant  angular  speed  relative  to  the  body  axes. 

(d)  No  rotor  gyroscopic  effects. 

(3)  Stability 

General  Procedure 

The  linearized  equations  of  motion  of  (45)  were  used  to 
determine  the  stick  fixed  characteristic  modes  of  motion. 
The  equations  are  written  in  Table  XV  for  reference. 

Solution  of  these  equations,  (together  with  the  deter¬ 
mination  of  the  stick  fixed  stability  derivatives)  was 
accomplished  with  the  aid  of  digital  computer  techniques. 

These  data  were  determined  for  transition  (SAS  off)  at 
sea  level  for  W  =  12,300  lb  and  the  allowable  c.g. 
range . 
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Table  XV.  Stick-fixed  equations  of  motion. 
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m/o  Si 


Table  XVI  give-,  the  formulas  for  the  stability  deriva¬ 
tives  in  cruise  and  transition.-  These  formulas  have 
been  vised  for  the  computation  of  all  the  rate  and  accel¬ 
eration  derivatives  in  transit  ion..  C_  ,  C  and  the 


reference  values  of  C  ,  C  ,  C 


ana  C 


/3 


were 


determined  from  the  wind  tunnel  data-  of  (46). 


(b)  Normal  Modes  (SAS  ofL) 

The  degree  of  compliance  with  < ’-7)  requirements  on  lon¬ 
gitudinal  short  period  mode  damping  ind  Dutch  Roll  damp¬ 
ing  is  shown  in  Figures  180  and  181  i e spec t l ve 1 v .  The ue 
data  are  for  two  c.g.  positions,  SAS  off,  K  =  12,300  lb 
and  a  speed  range  from  49  knots  to  160  knots  (correspond¬ 
ing  to  a  nominal  front  propeller  tilt  angle  range  of 
82.5°  to  -3.0°), 

Migration  of  _ue  longitudinal  short  period  roots  and  the 
Phugoid  roots  from  0  to  160  knots  are  shown  in  Figures 
182  and  183  respectively;  and  for  the  lateral  directional 
roots  (Dutch-Roll  and  Spiral  Roll)  in  Figure  184  for  the 
same  speed  range.  The  longitudinal  short  period  and 
Phugoid  data  are  shown  in  separate  figures  for  clarity. 
These  data  are  all  with  SAS-off  at  W  =  12,300  lb,  S.L., 
end  transition  c.g.  =  427-  lift  chord. 

From  these  figures  it  is  seen  that  the  longitudinal  short 
period  mode  is  divergent  for  all  speeds  below  approxi¬ 
mately  70  knots,  the  Phugoid  is  divergent  below  approxi¬ 
mately  50  knots  and  the  Dutch  Roll  is  divergent  for  all 
speeds  below  approximately  85  knots.  These  are  all  es¬ 
timated  data  and  unfortunately  no  quantitative  dwnamic 
stability  and  control  flight  testing  was  performed  with 
SAS  off,  at  other  than  hover  tilt  angle,  so  that  no 
transition  data  checks  were  possible. 

(4)  Controls  and  Control  Svstcms 

(a)  General 

In  transition,  control  power  is  supplied  through  both 
propeller  blade  angle  change  and  conventional  surfaces. 

The  conventional  surfaces  (elevators,  rudder,-  ailerons) 
and  their  s\ stems  are  discussed  in  detail  in  Section 
VII,  paragraph  l.b.(4). 

There  is  no  coupling  of  propeller  foices  in  roll  and 
yaw,  c.g.,  rudder  pedal  deflection  gives  a  pure  Yawing 
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fable  XVI.  Formulae  for  Curtiss  X-19  stability  derivatives. 


Longitudinal : 

C  _  =  C.  (1  -  2C 

Xrr  I 


dcr 


a  Lo  L°  dc, 2 
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zcr  -a  uq 
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m  q.  A  x  R 


dCD 

C*  '  -3(CD„  +  CL„  V  '  M  ST 

u  0  0 
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dc 

-  _  /  n  v 

'm  V  du 


q 
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Table  XVI 


Continued 


Definition  of  Symbols  Used  in  Preceding  Formulae: 


x'  =  x  cos  a  +  h  sin  a 
PR  PR  f°  PR  f° 


x'  =  x  cos  -  h  sin  of 

Pp  Pp  to  Pp  to 


x'  =  x  cos  cr  +  (z  -  z  )  sin  cf 
aR  aR  £o  TR  R  fo 


x'  =  x  cos  orc  -  (z_,  -  z  )  sin  or 

ap  ap  to  n  to 


h'  =  h  cos  af  -  x_  sin  a 
PR  R  to  PR 


h'  =  h  cos  dr  +  x  sin  a 
PF  0  F  0 


Az  =  (z  -  ZR)  cos  crf°  -  (x  -  xR)  sin  crf^ 


Ax  =  (x  -  XR)  cos  crf  +  (z  -  zR)  sin  crf< 


z '  =  z  cos  crr  -  l  sin  cf£ 

V  V  f0  V  fo 


/  '  =  /  cos  a,  +  z  sin  ac 

V  V  f  o  V  f  o 
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mode  through  transition  with  S.A.S.  off;  W  =  12,300  pounds, 
height  =  sea  level. 
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Figure  182.  X-19,  migration  of  the  longitudinal  short  period  mode  roots 

through  transition  with  S.A.S.  off;  U  =  12,300  pounds, 
height  =  sea  level,  start  cruise/end  transition  c.g.  =  427, 
lift  chord. 
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Figure  183.  X-19,  migration  of  the  iongitudiral  Phugoid  mode  roots  through 

transition  with  S.A.S.  off;  W  =  12,300  pounds,  height  =  sea 
level,  start  cruise/end  transition  c.g.  =  42%  lift  chord. 
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moment  from  the  propellers.  The  rudder  itself,  how¬ 
ever,  will  produce  some  rolling  moment. 

A  detailed  discussion  of  the  hover/transition  control 
systems  is  included  in  Section  VI. 

(b)  Pitch  Control 

Available  pitching  moment  from  full  stick  deflection, 
together  with  required  moments  for  trim  at  W  =  12,300  lb 
and  two  c.g.'s  are  shown  in  Figure  185. 

Propeller  contribution  is  phased  out  at  160  knots. 

(c)  Roll  Control 

Available  rolling  moment  from  full  stick  deflection  is 
shown  in  Figure  186. 

Propeller  contribution  is  phased  out  at  160  knots. 

(d)  Yaw  Control 

Available  yawing  moment  from  full  pedal  deflection  is 
shown  in  Figure  187 . 

Propeller  contribution  is  phased  out  at  100  knots, 
b.  Cruise  Flight  Regime 

(1)  Introduction 

Cruise  is  defined  as  the  flight  region  in  which  the  propel¬ 
lers  are  fully  tilted  down  (i.e.,  0  =  -3.0°  and  0  = 

r  K 

-2.54°).  This  normally  corresponds  to  a  speed  range  from  160 
knots  E-A.S.  to  maximum  speed. 

(2)  Assumptions 

See  Section  VII,  paragraph  1.  a.  (2). 

(3)  Stability 

(a)  General  Procedure 

The  linearized  aircraft  equations  of  motion  of  (45)  were 
used  to  determine  the  stick  fixed  characteristic  modes 
of  motion  and  are  written  in  Table  XVI  for  reference. 
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Figure  185.  X-19,  variation  of  available  pitch  control  power  and 

required  trim  moments  through  transition. 


Solution  of  these  equations  (together  with  the  determ¬ 
ination  of  the  stick-fixed  stability  derivatives),  was 
accomplished  with  the  aid  of  digital  computer  techniques. 
Rigid  airplane  stick  fixed  normal  mode  characteristics 
and  stability  derivatives  (longitudinal  and  lateral) 
were  determined  for  the  allowable  weight,  c.g.,  altitude 
and  speed  range.  The  stability  augmentation  system  does 
not  provide  any  damping  in  the  cruise  regime. 


Longitudinal  stick  free  stability  has  not  been  con¬ 
sidered  since  the  elevator  system  is  irreversible  (see 
paragraph  1.  b.  (4)  fb)). 

The  basic  power-on  derivatives  C.  ,  C  ,  C  ,  C 

L  a  ma  Mg  np 

and  C^£  were  determined  through  the  wind-tunnel  tests 

of  (48)  through  (52)  and  are  shown  in  Figures  188,  189, 
190,  and  191. 

(b)  Normal  Modes 

The  degree  of  compliance  with  (47)  requirements  of  lon¬ 
gitudinal  short  period  mode  damping  and  Dutch  Roll  damp¬ 
ing  are  shown  in  Figures  192  and  193  and  194  through 
196,  respectively. 

It  is  seen  that  for  the  weight,  c . g. , altitude  and  speed 
range  shown,  the  requirement  that  the  longitudinal  short 
period  oscillation  damp  to  one-tenth  amplitude  in  less 
than  one  cycle  is  easily  met.  This  is  also  true  for 
weights  of  10,400  lbs  (minimum  flying  weight)  and  14,750 
lbs  (maximum  overload)  which  are  not  included  herein. 

For  a  similar  range  of  weight,  c . g.,  altitude  and  speed, 
Dutch  Roll  damping  exceeds  the  (47)  requirement.  At 
10,400  lbs  the  sole  poinc  at  which  (47)  is  not  met  is 
160  knots  at  25,000  ft.  The  10,400  lb  and  14,750  lb 
data  again  are  not  included  herein. 

Over  the  airplane's  entire  operating  range  the  Phugoid 
mode  is  stable  and  adequately  damped.  Under  most  con¬ 
ditions  the  other  two  'usual'  lateral  modes  (spiral  and 
roll  convergence)  combine  to  form  a  second  oscillatory 
mode  which  is  virtually  an  oscillation  in  roll.  It  is 
very  well  damped  and  of  rather  long  period. 
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Figure  188.  X-19,  power  on  lift  and  pitching  moment  characteristics 

in  cruise  configuration  based  on  wind  tunnel  data;' 
c.g,  =  42.97-  lift  chord. 
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Mach  Number 

O  =  0.45 
□  =  0.55 
A  =  0.65 
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Figure  189.  X-19,  power  on  sideforce  characteristics  in  cruise 

configuration  based  on  wind  tunnel  data;  a  =  0. 
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Figure  190.  X-19,  power  on  yawing  moment  characteristics  in  cruise 

configuration  based  on  wind  tunnel  data,  eg  =  42.97. 
lift  chord,  a  =  0. 
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Figure  191. 


X-19,  power  on  rolling  moment  characteristics 
configuration  based  on  wind  tunnel  data;  eg  = 
chord,  a  =  0. 


in  cruise 
42. 9"'  lift 
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(4)  Controls  and  Control  Systems 

(a)  General 

In  Cruise  the  X-19  utilizes  conventional  control  sur¬ 
faces  only,  viz.;  elevators,  ailerons  and  rudder.  No 
additional  control  power  is  obtained  from  the  propel¬ 
lers  as  in  transition. 

(b)  Elevators  and  Elevator  System 

The  non-linear  and,  at  large  deflections,  high  hinge 
moments  shown  in  Figure  197,  taken  from  (52),  make  nec¬ 
essary  the  incorporation  of  an  irreversible  hydraulic 
power  system.  The  power  system  provides  up  to  the 
equivalent  of  250  lbs  at  the  stick.  A  hydraulic  back  up 
system  provides  up  to  507,  of  the  primary  system  power. 
Under  either  primary  or  back  up  system  operation  the  hy¬ 
draulic  power  may  be  supplemented  by  pilot  effort, 
should  a  force  greater  than  the  actuator  capacity  be  re¬ 
quired.  This  situation  is  not  expected  to  arise  under 
primary  system  operation.  With  the  back  up  system  oper¬ 
ating,  additional  pilot  effort  will  be  required  under 
certain  flight  conditions  in  order  to  pull  maximum  al¬ 
lowable  'g1.  Under  such  circums ;ances  the  additional 
stick  forces  will  be  stable. 

The  initial  cruise  stick  feel  system  consisted  only  of 
the  hover  feel  spring  (1.06  lb/inch  of  stick).  This 
has  been  replaced  by  a  manually  adjusted  system  that 
provides  more  reasonable  stick  forces  in  cruise. 

£n  indicator  in  the  cockput  displays  stick  force  gradi¬ 
ent  setting  relative  to  a  nominal  level  equivalent  to 
15  Ib/g,  for  all  air  speeds  down  to  120  knots. 

The  feel  spring  unit  may  be  centered  in  such  a  manner 
that  the  stick  force  is  zero  at  any  trim  elevator  set¬ 
ting.  System  break-out  force  is  0.75  lb.  No  elevator 
trim  tabs  are  fitted. 

Elevator  deflection  range  is  20°  up  and  15°  down;  full 
stick  deflection  is  4.06  inches  forward  and  5  42  inches 
aft.  Resulting  gear  ratio  is  0.773  rad/ft. 

(c)  Ailerons  and  Aileron  System 

A  hydraulic  actuator  is  incorporated  in  the  aileron  sys¬ 
tem  which  provides  force  up  to  the  equivalent  of  78  lbs 
at  the  stick.  This  modest  boost  is  required  primarily 
to  reduce  system  friction  to  a  low  level  in  hover  and 
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Figure  197.  X-19,  elevator  hinge  moment  characteristics  in  cruise. 
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in  cruise  is  supplemented  by  pilot  effort.  The  back  up 
system  is  manual.  Aileron  hinge  moments,  taken  from 
(52)  are  shown  in  Figure  198. 

A  position  feel  spring  of  gradient  1.25  lb/in.  is  in¬ 
corporated  and  system  break-out  force  is  1  lb  Aileron 
deflection  range  is  15°  up,  and  11“  down;  stick  travel 
is  +  5  inches.  No  trim  tabs  are  fitted. 

The  ailerons  are  mechanically  linked  to  the  rear  nacelles 
such  that  both  ailerons  droop  progressively  as  the  na¬ 
celles  tilt  up.  The  maximum  deflection  of  60°  is  reached 

at  approximately  fiL  =  80°.  Differential  aileron  movement 
r 

is  maintained  throughout  the  droop  schedule.  This  tech¬ 
nique  serves  to  reduce  download  on  the  rear  wing  in  hover 
and  to  increase  rear  wing  lift  throughout  transition. 


(d)  Rudder  and  Rudder  System 

The  rudder  is  actuated  manually  through  a  system  of 
cables  connected  to  conventional  rudder  pedals.  To 
provide  the  pilot  with  feel  in  hover,  a  spring  of  grad¬ 
ient  5  lb/in.  is  incorporated  in  the  system.  This 
spring  remains  operative  in  cruise.  System  break-out 
force  is  13  lb. 

Figure  199.  Rudder  deflection  range  is  t  33°;  pedal  travel 
1  3  inches.  The  rudder  trim  tab  has  t  8°  of  travel 

(e)  Flaps  and  Flap  System 

The  flaps  are  mechanically  linked  to  the  front  nacelles 
an<‘  move  only  in  conjunction  with  the  nacelles.  In  a 
like  fashion  to  the  ailerons,  the  flaps  droop  (as  the 
nacelles  tilt  up)  to  a  maximum  deflection  of  60°  and 
serve  the  same  purposes  of  reducing  download  in  hover 
and  increasing  lift  through  transition. 

(5)  Maneuvering  Flight 

(a)  Elevator  Angle  to  Trim 

Elevator  trim  settings  for  level  flight  at  15,000  ft 
are  shown  in  Figure  200  for  W  =  12,300  lbs.  and 
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13,500  lbs  at  39%  and  42%  c.g.  All  trim  settings  are 
trailing  edge  up  since  at  a  =  0°  is  nose-down. 

(b)  Elevator  Angle  per  ' g 1 

The  variation  of  elevator  angle  per  ’ g ’  with  forward 
speed  is  shown  in  Figure  201.  This  is  a  measure  of  the 
elevator  control  effectiveness  in  pulling  normal  load 
factors  lesser  or  greater  than  lg  (level  flight). 

The  reflexes  in  the  curves  are  due  to  the  non-linear 

C  ~  a  characteristic  of  the  airplane.  (See  figure 
m 

203.) 

(c)  Stick  Force  per  'g' 

Covered  in  paragraph  l.b.  (4)  (b)  above. 

(d)  Roll  Per  romance 


Data  are  presented  for  the  performance  in  a  pure  roll 
only.  The  effects  of  sideslipping  and  yawing  motions 
have  been  neglected.  Maximum  aileron  control  has  been 
defined  as  that  available  with  a  lateral  stick  force  of 
25  lbs.  This  is  the  criterion  for  assessing  handling 
qualities  as  given  in  (47).  The  roll  power  derivative 
(C^)  used  has  been  corrected  for  aeroelastic  distortion 

of  the  rear  wing. 


Results  are  plotted  as  a  function  of  forward  speed  and 
describe  the  characteristics  of  the  pure  roll  transient 
following  instantaneous  deflection  of  the  ailerons. 


The  amount  of  aileron  available  is  influenced  by  con¬ 
trol  cable  stretch  and  the  stick  force  limitation  de¬ 
fined  above.  Maximum  steady  roll  rates  range  from  40°/ 
sec  at  S.L.  to  63"/sec  at  25,000  ft  as  shown  in  Figure 
202.  Bank  angle  excursions  at  the  end  of  1  sec  are 
plotted  in  Figure  203.  The  variation  of  the  time 
constant  of  pure  rolling  motion  is  shown  in  Figure 
204. 


(e)  Steady  Sideslips 

For  steady  sideslips,  the  lateral  equations  4.15.8  of 
(45)  are  used,  by  letting  the  angular  velocities  and 
accelerations  be  zero.  The  modified  equations  are 
presented  as  follows: 


*  t 

+  > 
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Figure  202.  X-19,  roll  performance  in  cruise,  steady  roll  rate  ar 

wing  tip  helix  angle  with  a  stick  force  of  25  pounds. 
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Solution  of  these  equations  yields  the  following  rela¬ 
tionships  for  an  aircraft  weight  of  12,300  lbs  at  160 
knots  EAS  and  347  knots  LAS, 


160  knots  EAS  347  knots  EAS 


8„ 

A. 

1.40  0 

2.08  0 

Sa 

-3.12  0 

-3.690 

0 

2.81  0 

12.710 

For  both  flight  conditions,  the  maximum 
attainable  is  limited  by  aileron  angle 

sideslip  angle 
available.  The 

results  are: 

160  knots  EAS 

347  knots  EAS 

Sa 

a  max 

iO  .45 

7.50 

f 

-3.45 

-2.03 

r 

-9.70 

-25.80 

8°r 

-4.83 

-4.22 

req '  d 

2.  TANDEK  WING  AIRPLANE  AERODYNAMIC  CHARACTERISTICS 
a.  Basic  Data 

The  aerodynamic  characteristics  of  wings  in  tandem  were  studied 
in  theories  of  Munk  (53)  and  Glauert  (54).  The  results  indicated 
that  lift  and  induced  drag  would  be  similar  to  those  of  a  single 
wing  having  a  chord  distribution  corresponding  to  the  sum  of  the 
local  chords  of  the  two  wings. 
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However,  the  effects  of  body-wing  interference  are  such  that  at  the 
rear  wing  a  highly  distorted  load  distribution  is  encountered. 

Also,  the  propeller  effects  aie  considerable,  so  that  the  analyti¬ 
cal  estimation  of  the  lift  and  drag  characteristics  was  found  to  be 
of  considerable  complexity. 

The  basic  aerodynamic  data  used  were  therefore  based  on  a  series 
of  wind-tunnel  te^t;  of  powered  and  unpowered  models.  Included 
was  one  of  a  model  in  which  the  geometry  could  be  changed  by  use 
of  various  wings  and  fuselage  sections.  Tnese  tests  are  consider¬ 
ed  to  give  good  data  for  lift  and  induced  drag  although  the  pro¬ 
file  drags  are  not  valid,  due  to  the  low  Reynolds  number. 


b.  Drag  Estimate 

The  estimated  total  drag  of  the  X-19  is  based  on  the  use  of  stand¬ 
ard  methods  utilizing  data  obtained  from  (55)  and  (56)  combined 
with  results  from  wind  tunnel  tests  of  a  powered  12%  scale  model. 
See  (50),  (51),  and  (52).  The  composition  of  the  total  drag  coe¬ 
fficient  is  summarized  in  Figure  207. 

c.  Piopellers-Of f  Incompressible  Profile  Drag  Coefficient,  CQ 

o 

The  basic  fuselage  and  airfoil  drags  were  obtained  from  (56)  with 
boundary  layer  transition  assumed  to  occur  at  10%  chord  of  the 
airfoils  and  at  5%  of  the  fuselage  length,  a  point  just  aft  of 
the  end  of  the  smooth  fiberglass  nose  cap.  The  drag  of  the  wings 
and  tail  were  increased  by  10%  to  allow  for  control  gaps. 

The  canopy  drag  increment  was  taken  from  (57)  and  the  external 
drag  of  the  engine  air  inlet  was  ba 'ed  on  data  from  (55)  and  some 
early  Curtiss  wind  tunnel  tests.  Nacelle  drag  was  taken  from  (56) 
assuming  fully  turbulent  flow,  while  interference  contributions 
were  based  on  (55).  As  an  allowance  for  external  fittings,  rough¬ 
ness,  waviness,  leaks,  etc.-,  15%  of  the  sum  of  the  component  drags 
was  added.  A  check  of  a  number  of  the  external  fittings  indicated 
that  this  is  a  reasonable  value,  given  a  satisfactory  surface  fin¬ 
ish  overall. 

Tab le  XVII  gives  a  breakdown  of  the  component  contributions  to  the 
profile  drag  at  a  Reynolds  number  of  2.5  million  per  foot,  typical 
cruise  value. 

d.  Effects  of  Lift,  Power,  and  Compressibility 

The  configuration  of  the  X-19  is  such  that  analytical  estimation 
of  lift,  power  and  compressibility  effects  is  not  feasible;  it 
is  necessary  to  base  estimates  on  wind  tunnel  test  data.  It  is 
generally  assumed  that  Reynolds  Number  effects  on  these 
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Table  XVII.  Incompressible  power-off  profile  drag  breakdown. 
Reynolds  number  =  2.5  x  10°  per  foot. 


Component 

ACDoS 

(Based  on  154.6  ft^) 
o 

Fuselage 

2.092 

O 

o 

Front  Wing 

0.492 

0.0032 

Rear  Wing 

0.852 

0.0055 

Vertical  Tail 

0.407 

0.0026 

Nacelles* 

0.598 

0.0039 

Minor  Fittings,  e^c. 

0.666 

0.0043 

Interference 

0.18/ 

0.0012 

Tnt.il 

5.294 

0.0342 

Note  (*)  Includes  wing-r.acelle  interference 
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contributions  will  be  of  minor  importance,  thus.-  the  wind  tunnel 
Lest  results  should  give  a  satisfactory  indication  of  full-scale 
values . 


The  best  wind  tunnel  data  available  are  those  obtained  with  the 
model  sting-mounted  in  the  Cornell  8  ft  Transonic  Wind  Tunnel, (51) 
and  (52).  These  data  were  used  to  establish  the  basic  variation 
of  drag  with  lift  for  the  propellers-off  case,  and  the  elevator 
pitching  moment  and  lift  contributions  for  trimming.  Also,  in 
combination  with  the  results  from  the  M.I.T.  tunnel  tests  (50), 
they  served  as  a  basis  for  the  power  on  pitching  moment  curves. 

The  propeller  force  data  from  the  Cornell  tests  were  unsatisfac¬ 
tory,  however,  so  it  was  necessary  to  take  increments  of  lift  and 
drag  due  to  power  from  M.I.T.  tests.  This  was  done  by  subtracting 
the  thrust  components,  measured  by  strain  gauges  in  the  model 
wings,  from  the  balance  measurements  in  order  to  get  the  actual 
lift  and  drag  with  power  on.  Then  the  difference  between  these 
and  the  propellers-off  values,  from  the  same  tunnel,  were  taken. 
These  increments,  added  to  the  propellers-off  Cornell  data,  had 
the  effect  shown  in  Figure  205,  where  the  C  at  C  =0  was  re- 

U  Li 

duced  by  0.008  and  the  slope  increased  from  0.124  to  0.180. 

In  the  absence  of  usable  power-on  data  at  higher  Mach  numbers  and 
considering  the  fact  that  the  basic  propeller  performance  does  not 
change  greatly  up  to  M  *  0.65  the  increment  is  not  varied  with 
Mach  number.  The  compressibility  effects  were  therefore  taken 
from  the  propellers-off  tests  of  (51)  and  (52)  which  showed  that 

the  C  at  C  =0  increased  steadily  above  M  =  0.45  but  the  value 
D  L2 

of  3  c  / d C  remained  constant  up  to  M  =  0.65. 

U  Li 


Bringing  all  these  contributions  together  gives  a  total  power-on 
trimmed,  compressible  drag  coefficient: 


C 


D 


"CD 


where 


Acd 

M 

acy 


minimum  drag  coefficient 

Cp  -  0.008  (Figure  206) 

o 

power  off,  incompressible,  profile  drag  coefficient 

increase  in  due  to  Mach  Number 
o 

power  on,  trimmed,  compressible  induced  drag  slope 
(9cd/^Cl  )  propS  0ff  +  0.056. 
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Figure  205 . 


X-19,  effect  of  power  and  trim  on  the  induced  drag  factor 
(&CD/dC^2)  in  cruise. 


-JIM 
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(3C  /  dC  )  Props  Off  =  measured  induced  drag  slope  from  propel- 
U  L 

lers-off  clean  model  test  of  (51).  These  contributions  to  the 
total  drag  coefficient  are  shown  in  the  summary  plot  of  Figure  207. 

e.  Lift/Drag  Ratio 


Figure  208  shows  the  variation  of  lift/drag  ratio  with  speed  for 
the  normal  gross  weight  of  13,660  lbs.  The  maximum  value  of  just 
under  7.4  is  seen  to  occur  at  about  270  knots  at  sea  level,  with 
the  peak  value  decreasing  as  the  altitude  increases.  The  cruise 
speed  of  325  knots  at  15,000  ft  gives  the  best  L/D  of  7.1  for  that 
altitude.  Figure  209  shows  L/D  at  300  knots  T.A.S.  as  a  function 
of  weight. 


3.  TEST  AND  THEORY  COMPARISON  OF  AERODYNAMIC  AND  FLIGHT  CONTROL  CHARAC¬ 
TERISTICS 

a .  Aerodynamic 

Theoretical  estimation  of  the  basic  static  stability  derivatives 
was  in  general  quite  unsuccessful.  Undoubtedly  one  of  the  main 
reasons  for  this  was  due  to  the  difficulty  in  estimating  the  in¬ 
terference  effects  between  propellers  and  airframe,  and  between 
airframe  components.  An  example  of  the  flow  complexity  involved 
is  the  case  of  the  rear  wing  which  is  subject  to  the  effects  of 
the  fuselage,  the  front  wing,  the  front  propellers  and  the  rear 
propellers.  Poor  correlation  between  theoretical  estimates  and 
wind  tunnel  data  on  the  original  X-200  airplane  led  to  the  situa¬ 
tion  finally  adopted  for  the  X-19  wherein  values  used  for  all  the 
static  stability  derivatives,  both  in  cruise  and  transition,  were 
wind  tunnel  measured. 

All  the  rate  derivatives  were  estimated.  One  has  more  confidence 
in  these  estimates  since  much  of  the  input  data  could  be  extracted 
from  the  wind  tunnel  tests.  A  good  example  is  the  installed  rear 
wing  lift  curve  slope  (a  significant  contribution  to  most  of  the 
rate  derivatives) ,  wherein  rear  wing  "on"  and  rear  wing  "off"  runs 
yield  the  required  information.  This  method  unfortunately  only 
provides  the  gross  answer  and  does  not  determine  individually 
the  numerous  contributions  to  the  whole. 


Hinge  moment  derivatives  used  were  also  based  on  wind  tunnel  model 
data,  again  as  a  result  of  poor  theory  and  test  data  correlation. 
The  non-linear  nature  of  the  control  surface  hinge  moment  is  shown 
in  Figures  197,  198  and  199,  which  in  the  case  of  elevators  and 
ailerons  is  probably  a  characteristic  of  thick  wings. 
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Figure  207.  X-19,  components  of  total  cruise  drag  coefficient. 
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Figure  209.  X-19,  effect  of  weight  and  altitude  on  cruise  lift-drag 
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b.  Flight  Control 


Sufficient  flight  test  data  were  available  to  extract  the  full 
scale  values  of  a  number  of  hover  derivatives.  These  data  are 
shown  below,  together  with  the  original  estimates. 


Derivative 

Estimated 

Flight  Test 

M 

u 

ft- lb/ft/rec 

+  128 

+605 

X 

u 

lb/ft/sec 

-13.2 

-11.4 

L 

v 

ft- lb/ft/sec 

-195 

-368 

Y 

V 

lb/ ft/ sec 

00 

o 

*■—4 

4 

-19.3 

ft- lb/rad/ sec 

-3415 

-3415 

The  poor  correlation  between  the  flight  measured  and  estimated 

values  of  M  and  L  is  attributed  to  a  large  interference  effect 
u  v 

between  leading  and  trailing  pairs  of  propellers,  not  accounted 

for  in  the  theoretical  estimates.  The  measured  value  of  L  is  an 

v 

average  of  widely  scattered  results,  the  scatter  being  a  result  of 
the  rather  unsteady  airplane  attitude  during  lateral  translations. 


The  good  agreement  on  N,j,  verifies  the  assumption  of  "free  propel¬ 
lers"  (i.e.,  no  interference  effects)  at  least  in  yaw. 

4.  AIRCRAFT  BEHAVIOR  IN  GROUND  EFFECT 

Section  VIII  is  devoted  entirely  to  the  Ground  Effect  behavior  of  the 
X-19.  Rather  than  deviate  from  the  statement  of  work,  this  paragraph 
has  been  included  to  avoid  confusion  and  to  note  that  all  pertinent 
discussions  will  be  continued  in  the  appropriate  sections. 

5.  FLIGHT  CONTROL  DEFICIENCIES 
a.  Transition  Flight  Regime 

(1)  Introduction 

Due  to  the  lack  of  any  generally  accepted  flying  qualities 
specifications  for  VTOL  aircraft  in  the  transition  regime,  a 
strictly  quantitative  assessment  of  the  X-19's  (or  any  other 
VTOL  airplane)  transition  flying  qualities  is  difficult  to 
present.  Basically  however  with  X-19,  comparisons  were  made 
with  MIL-F-8785  (ASG)  requirements  for  speeds  above  50  knots, 
while  low  speed  characteristics  were  compared  with  the  re¬ 
quirements  of  MIL-H-8501A,  AGARD  408  and  the  numerous  other 
handling  qualities  criteria  available.  In  addition,  a  fair 
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amount  of  f Sight  simulation  work  was  performed  to  help  re¬ 
solve  the  many  conflicting  situations  that  arose. 

It  is  pointed  out  that  essentially  all  the  transition  data 
presented  herein  is  estimated;  unfortunately  no  quantitative 
stability  and  control  testing  was  performed  at  other  than 
hover  propeller  tilt  angle. 

(2)  Stability 

(a)  Longitudinal 

Here  the  greatest  concern  was  the  static  instability, 
measured  in  the  wind  tunnel  tests  of  (46),  at  a  full 
scale  peed  of  approximately  50  knots  (0  =  82.5°). 

Figure  182  shows  that  with  SAS  off  the  short  period  mode 
becomes  unstable  at  approximately  75  knots  and  splits 
into  two  aperiodic  modes  at  55  knots.  At  around  50  knots 
the  one  aperiodic  root  is  rapidly  convergent,  the  other 
rapidly  divergent.  At  lower  speeds  this  divergent  root 
approaches  zero  and  becomes  zero  at  hover.  From  Figure 
183  it  is  seen  that  the  Phugoid  mode  breaks  down  into 
two  stable  real  roots  at  approximately  70  knots.  At 
around  50  knots  one  of  these  real  roots  has  become  un¬ 
stable  and  as  speed  is  further  reduced  the  mode  agair 
becomes  oscillatory  to  eventually  appear  as  the  familiar 
dynamically  unstable  oscillation  in  hover. 

Probably  very  little  could  be  done  to  improve  the  clear¬ 
ly  unsatisfactory  basic  airframe  stability  characteris¬ 
tics  in  this  low  speed  regime.  It  was  indeed  left  to 
the  pitch  rate  plus  attitude  SAS  to  provide  the  neces¬ 
sary  levels  of  stability.  With  SAS  on,  the  airplane  is 
hands-off  stable  in  this  low  speed  regime.  Note  how¬ 
ever,  that  no  severe  problems  were  encountered  during 
the  limited  "SAS  Off"  flying. 


As  shown  in  Figure  180,  the  MIL-F-8785  (ASG)  require¬ 
ments  on  short  period  mode  damping  are  met  at  speeds 
greater  than  approximately  133  knots  with  SAS  off. 

(b)  Lateral  -  Directional 

The  spiral  and  roll  modes  (separate  or  combined)  are 
stable  or  neutrally  stable  for  the  whole  speed  range; 
but  the  Dutch  Roll  oscillation  becomes  divergent  below 
approximately  85  knots.  This  is  illustrated  in  Figure 
184.  The  roll  rate  plus  attitude  SAS  provides  hands-off 
stability  in  this  regime.  Again  it  is  felt  that  little 
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could  be  done  to  improve  the  low  speed  lateral- 
directional  stability  deficiencies  other  than  with  the 
addition  of  a  SAS. 

As  shown  in  Figure  181,  the  SAS— off  Dutch  Roll  character¬ 
istics  comply  with  MIL-F-8785  (ASG)  requirements  at 
speeds  above  100  knots 

(3)  Control 

The  final  transition  control  characteristics  were  largely  dic¬ 
tated,  in  pitch  and  roll,  by  the  final  SAS  configuration. 

The  hover  control  accelerations  of  §  =  0.68  rad/sec^  and  0  = 
1.75  rad/sec^  were  considered  satisfactory.  However,  the 
pitch  and  roll  SAS's,  each  307=  of  total  control  authority, 
reduced  somewhat  the  maneuveraoility  capabilities  of  the 
airplane.  Despite  this,  flight  test  Cooper  ratings  of 
Satisfactory  (4  3-1/2)  were  recorded  in  pitch  and  roll, 
with  SAS  on,  for  the  whole  speed  range  flown.  (See  Section 
VI,  paragraph  3.) 

An  area  of  possible  concern  was  that  of  yaw  control  wherein 
it  was  thought  that  the  low  control  power  at  low  speed  might 
be  troublesome.  Referring  to  Section  XII,  paragraph  3, 
however,  it  is  seen  that,  although  Cooper  ratings  of  4-1/2 
were  recorded  in  hover,  the  directional  characteristics 
rapidly  improve  until  Cooper  raf'ngs  of  "satisfactory"  are 
achieved  for  all  speeds  above  35  knots. 

It  is  therefore  reasonable  to  say  that  there  were  no  obvious 
control  deficiencies  in  the  transition  regime  actually  flown. 
Bear  in  mind, however ,  that  only  very  mild  maneuvers  were 
deliberately  performed.  The  transition  corridor  was  explored 
to  a  degree,  in  that  mismatches  between  schedule  tilt  angle 
and  speed  frequently  occurred  during  flight  testing. 

Pitch,  roll  and  yaw  moments  through  transition  are  shown  in 
Figures  185,  186,  and  187. 

b.  Cruise  Flight  Regime 

(1)  Introduction 

Most  of  the  X-19  cruise  stability  and  control  problems  may  be 
attributed  to  the  geometric  relationships  inherent  in  the 
tandem  wing  configuration,  namely  the  short  moment  arms  of  the 
rear  wing  and  vertical  tail,  plus  the  shoulder  mounted  posi¬ 
tion  of  the  wings. 

Although  the  estimated  stick  fixed  stability  characteristics 
show  compliance  with  the  requirements  of  MIL-F-8785  (ASG)  as 
reported  in  Section  VII,  paragraph  l.b.(3)(b),  it  is  felt 
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that  certain  undesirable  lateral  directional  characteristics 
exist.  Tncse  characteristics  are  discussed  below.  Many  of 
these  deficiencies  came  to  light  during  the  course  of  a 
Curtiss-Wright  sponsored  study  of  the  lateral  directional 
handling  qualities  of  V/STOL  airplanes  in  cruising  flight, 
performed  by  Cornell  Aeronautical  Laboratory  (58).  This 
study  used  the  X-19  as  a  base  point  for  a  typical  V/STOL 
r'rplane  and  thus  was  of  direct  benefit  to  the  X-19  program. 

In  referring  to  this  report  however,  care  should  be  exercised 
in  using  the  results  since  the  basic  X-19  data  therein  is  for 
a  c.g.  location  of  43%  lift  chord  and  with  early  estimates  of 
the  stability  derivatives.  The  final  aft  c.g.  limit  was  set 
at  42%  lift  chord  and  the  final  estimates  of  the  derivatives 
differed  somewhat  from  those  early  values. 

Longitudinal  stability  characteristics  are  considered  to  be 
generally  satisfactory. 

(2)  Stability 

(a)  Longitudinal:  Generally  satisfactory. 

(b)  Lateral  -  Directional: 


In  order  to  provide  sufficient  static  directional 
stability  (Cn^),  the  short  tail  arm  necessitated  a 
relatively  large  area  vertical  tail  of  rather  high 
aspect  ratio.  This  coupled  with  the  shoulder  mounted 
wings  and  the  high  radial  force  propellers  located  an 
appreciable  vertical  distance  from  the  c.g.  resulted  in 
a  high  level  of  static  lateral  stability  (Cifl  )  • 
Typically,  in  cruise,  |Cj^  |  se  |2  Cn^|  for  the  X-19. 


As  discussed  in  Section  VII,  paragraph  l.b.(3)(b)  the 
resulting  stick  fixed  normal  modes  are:  a  well  damped 
Dutch  Roll  and  a  second  oscillatory  mode  instead  of  the 
usual  spiral  mode  and  roll  convergence  mode.  The  second 
oscillatory  mode  is  practically  a  pure  oscillation  in  rol! , 
is  well  damped  and  of  rather  long  period.  It  has  been 
referred  to  as  the  "Lateral  Phugoid"  mode  and  is  mainly 
due  to  the  high  \alue  of  Cju  and  to  a  lesser  degree  to 
the  large  positive  value  of  .  Cruise  flight  simula¬ 
tion  studies  have  indicated  a  distinct  pilot  distaste  for 
the  presence  of  this  "Lateral  Phugoid"  mode  during 
lateral  maneuvers  such  as  simple  coordinated  turns.  The 
objection  is  over  the  "apparent"  destabilizing  effect  the 
mode  has  on  bank  angle. 


An  example  is  the  case  of  a  banked  turn.  Here  the  pilot 
sets  up  the  required  bank  angle,  the  Dutch  Roll  oscilla¬ 
tion  damps  out,  but  then,  unexpectedly,  the  "Lateral 
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Phugoid"  (being  of  much  longer  period  than  the  Dutch 
Roll)  ,  proceeds  to  further  increase  the  bank  angle  in  a 
fashion  that  is  interpreted  by  the  pilot  as  lateral 
instability. 

This  characteristic  is  more  pronounced  at  high  speed  than 
at  low  speed.  A  recent  unpublished  study  of  the  lateral- 
directional  closed  loop  characteristics  showed  that  high 
pilot  gains  would  drive  the  "Lateral  Phugoid"  mode  close 
to  neutrally  stable.  In  this  study  the  pilot  was  repre¬ 
sented  by  a  simple  gain.  In  (58)  the  closed  loop 
"Lateral  Phugoid"  is  shown  to  be  unstable  at  certain 
pilot  gains.  This  is  due  to  the  437  c.g.  location  and 
early  derivatives  used  in  the  study  of  (58).  This  is  an 
example  of  the  possible  misinterpretation  of  results 
unless  it  is  borne  in  mind  that  the  basic  data  used  were 
preliminary. 

A  further  outcome  of  the  high  derivative  is  that 
relatively  large  bank  angle  excursions  would  be  expected 
when  flying  in  gusty  air.  For  example,  the  roll  to  side¬ 
slip  ratio  (|9//3|)  for  the  Dutch  Roll  mode  approaches 
6  at  high  speed  cruise  conditions. 

A  derivative  which  does  not  have  an  important  effect  on 
the  normal  modes  but  does  affect  the  airplane's  ride 
quality  is  .  For  the  X-19,  Cyg  is  high.  This  is 
primarily  due  to  the.  large  propeller  radial  force  con¬ 
tribution  which  amounts  to  approximately  507  of  the  total 
CL<r-  Cyj,  implies  high  lateral  acceleration  (load 

factor)  due  to  sideslip.  This  imposes  critical  coordina¬ 
tion  requirements  on  the  pilot  in  rolling  maneuvers  to 
minimize  sideslip  and  hence  lateral  "g". 

Studies  of  X-19  response  to  random  side  gusts  (58),  showed 
that  the  peak  gust  sensitivity  was  about  the  same  as  for 
current  jet  airliners,  but  that  this  sensitivity  level 
is  spread  over  a  wide  range  of  gust  frequencies  (with  the 
maximum  sensitivity  occurring  at  the  Dutch  Roll  undamped 
natural  frequency).  For  conventional  aircraft  the  sen¬ 
sitivity  band  is  much  narrower,  with  a  sharp  peak 
around  the  undamped  natural  frequency  of  the  Dutch  Roll 
mode . 

The  attenuation  of  lateral  acceleration  due  to  random 
turbulence  may  be  more  difficult  with  the  X-19  than 
with  conventional  aircraft  because  of  the  broad  band 
of  frequencies  involved.  This  includes  a  larger  pro¬ 
portion  of  higher  frequencies  which  the  pilot  would  be 
unable  to  counter. 
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(3)  Control 

(a)  Longitudinal: 

This  is  generally  satisfactory,  except  at  low 
airspeeds  somewhat  large  negative  elevator  settings  are 
required  for  trim  (see  Figure  200).  Also  elevator  angle 
per  "g"  becomes  large  (see  Figure  201).  Both  items  are 
a  result  of  the  non-linear  C  vs  a  characteristic  (see 
Figure  188),  the  slope  of  whTch  becomes  rapidly  more 
negative  as  angle  of  attack  increases  (or  as  speed 
decreases ) . 

I 

An  improvement  would  be  seen  were  the  elevator  and 
aileron  linked  to  form  an  elevon.  Such  a  system  was  not 
studied  for  X-19  but  was  given  consideration  in  numerous 
other  Curtiss  tandem  wing  preliminary  designs. 

(b)  Lateral: 

In  cruise  the  X-19  does  not  comply  with  the  roll  per¬ 
formance  requirements  of  MIL-F-8785  (ASG)  in  terms  of 
the  roll  rate  parameter  pb/2v.  The  wing  tip  helix  angle 
however,  was  not  considered  to  be  too  applicable  to  X-19, 
si  ice  the  specified  values  of  pb/2v  are  based  in  part  on 
typical  wing  spans;  X-19  is  clearly  not  typical  in  this 
respect.  It  has  been  recognized,  however ,  that  better 
roll  performance  than  that  shown  in  Figures  202  and  203 
would  be  desirable.  This  could  be  achieved  by  the  afore¬ 
mentioned  linking  of  aileron  and  elevator  to  form  an 
elevon.  Of  course  the  intrinsic  problem  is  the  low  wing 
span  which  results  in  short  aileron  moment  arms. 

An  unanswered  problem  with  the  existing  ailerons  con¬ 
cerned  the  value  of  the  derivative  ^nga  •  The  12% 
complete  model  wind  tunnel  test  yielded  a  rather  large 
negatrv  ’  value  for  this  derivative  (proverse  aileron 
yaw)  while  single  wing  panel  larger  scale  wind  tunnel 
tests  and  theoretical  estimates  showed  a  posit ‘"'e 
value  (adverse  aileron  yaw).  (58)  showed  that  with  the 
strong  proverse  aileron  yaw,  a  rather  objectionable  time 
history  of  rudder  deflection  was  required  for  entry  into, 
and  recovery  from,  a  coordinated  turn. 

With  conventional  adverse  aileron  yaw,  entry  into,  say, 
a  left  turn  (negative  bank  angle),  will  require  ini- 
tially  positive  aileron  and  positive  rudder  (i.e.  left 
stick,  left  rudder)  followed  by  some  in-phase  stick  and 
rudder'  pedal  motions  until  the  steady  state  deflections 
that  give  the  required  bank  angle  are  reached.  To 
perform  a  similar  meneuver  with  large  negative  ^n8a 
(proverse  aileron  yaw),  initially  positive  aileron  and 
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negative  rudder  (i.e.,  left  stick,  right  rudder)  arc  re¬ 
quired.  The  right  rudder  is  necessary  to  balance  out 
the  nose  left  yawing  moment  generated  by  the  rilerons.; 
Recovery  from  a  banked  turn  to  level  flight  entails  sim¬ 
ilar  control  surface  time  histories  but  in  reverse. 


(c)  Directional: 

Due  primarily  again  to  the  large  value  of  ,  relative¬ 
ly  large  bank  angles  develop  following  a  rudder  input, 
particularly  at  high  airspeeds.  Simulator  studies 
showed  chat  a  substantial  improvement  in  lateral-direc- 
cional  handling  qualities  would  be  realized  were  the 
rudder  power  reduced  at  high  speed. 


6.  AVAILABLE  C.G.  RANGE 

Figure  210  shows  the  horizontal  center  of  gravity  envelope  as  a  function 
of  weight  for  the  basic  13,66^  lb.  design  gross  weight  aircraft. 

The  diagram  is  constructed  as  follows: 

(1)  Weight  Empty  +  Pilot 

(2)  Weighc  Empty  +  Pilot  +  Co-pilot 

(3)  Weight  Empty  +  Pilot  +  Co-pilot  +  Payload 

(4)  Weight  Empty  +  Pilot  +  Co-pilot  +  Payload  +  Fuel  Fwd., 

(5)  Weight  Empty  +  Pilot  +  Co-pilot  +  Payload  +  Fuel  Fwd.  +  Fuel  Aft 

=  W 

. . .  max 

(o)  Wm?x  -  Co-pilot 

(7)  W^j^  -  Co-pilot  -  Payload 

(8)  W^,.  -  Co-pilot  -  Payload  -  Fuel  Fwd. 

(1)  W -  Co-pilot  -  Payload  -  Fuel  Fwd  -  Fuel  Aft 

Note:  Empty  Weight  includes  oil. 

The  two  lines  of  constant  horsepower  shown  indicate  the  maximum  hover  lift 
capability  (at  S.L.  standard  conditions,  cr  =  l.o)  as  a  function  of  c.g. 
for  two  values  of  front  propeller  horsepower  (860  and  780  SHP  per  pro¬ 
peller)  . 


Also  shown  are  the  forward  and  aft  cruise  c.g.  limits.  The  aft  limit  of 
427,  lift  chord  is  dictated  by  longitudinal  stability  considerations  while 
the  38.97.  c.g.  represents  the  most  forward  c.g.  at  which  structural 
analyses  were  conducted.  Longitudinal  control  pc  3 r,  with  the  hydraulic 
boost  system,  is  sufficient  to  permit  a  '*8.2”'  c.g.  limit. 
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Figure  210.  Horizontal  c.g.  envelope  for  the  basic  13,660  pound 
design  gross  weight  aircraft. 
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7.  TILT,  FLAP  AND  BLADE  ANGLE  PHASING 


a.  Nacelle  Tilt  Phasing 

This  discussion  relates  to  the  recommended  tilt  -  velocity 
schedule.  Early  in  the  design  phase  of  the  X-19,  it  was  decided 
to  give  transition  phasing  control  to  the  pilot  rather  than  to 
automatic  sensing  mechanisms  .  The  simplest  readout  available  to 
accomplish  this  end  was  of  course,  the  nacelle  tilt  angle.  It  was 
decided  that  mechanisms  such  as  the  flaps,  collective  ailerons 
and  all  coordinator  phasing  would  be  geared  to  the  tilt  angle.  The 
aerodynamic  contributions  of  these  mechanisms  was  related  to  the 
aircraft  weight  in  search  for  a  reasonable  flight  corridor.  The 
aircraft  was  to  hover  at  zero  fuselage  attitude,  and  by  the  end 
of  transition,  was  to  fly  roughly  at  10  degrees  of  attitude.  Thus 
a  tilt  velocity  schedule  was  to  be  obtained  which  would  provide: 

(1)  a  reasonable  attitude  variation.. 

(2)  a  minimum  horsepower  requirement. 

(3)  a  minimum  propeller  "Aq"  throughout  the  transition. 


Without  regard  to  control  requirements,  a  very  early  analytical 
investigation  showed  that  all  three  requirements  could  be  met  with 
a  "toed-in"  **  configuration. 


Furthermore,  the  power  required  was  less  than  that  of  other  fore- 
aft  tilt  configurations.  However,  without  the  benefit  of  wind 
tunnel  data  there  was  little  else  to  confirm  these  findings. 


Some  basic  characteristics  of  the  control  system  were  investigated 
following  this  analysis.  Hover  yaw  control  power  was  low,  and  an 
effort  to  increase  this  was  in  progress.  It  was  found  that  a  50 
percent  increase  5  in  hover  yaw  control  power  could  be  realized 
with  a  toed-in  propeller  configuration  provided  propeller  rotation 
was  properly  fixed.  The  required  arrangement  of  propeller  tota- 
tion  was  (and  continued  throughout  the  program  to  be)  right  hand 
rotation  for  propellers  2  and  4,  and  left  hand  rotation  for 
propellers  1  and  3.  This  arrangement  satisfied  another  desired 
characteristic;  namely  to  have  the  front  propellers  wash  up  past 
the  front  wing. 


This  arrangement  requires  the  front  propeller  to  be  consistently  at  a 
higher  tilt  angle  than  the  rear  propeller. 

^  This  increase  is  the  result  of  torque  reaction  added  to  the  thrust 
generated  jawing  moment. 
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The  only  other  configuration  that  would  have  delivered  the  desired 
hover  yaw  control  was  a  "toed-Out"  ^  configuration.  This  re¬ 
quired  the  direction  of  rotation  on  all  four  propellers  to  be 
reversed  from  the  "toed-In"  configuration.  At  about  this  time, 
wind  tunnel  data  on  the  cruise  stability  model  had  become  avail¬ 
able.  The  data  indicated  a  slight  stability  increase,  and  less 
up  elevator  for  trim,  for  the  rotations  required  on  the  toed-in 
configuration. 

Thus,  the  information  available  at  the  time  favored  a  toed-in 

configuration.  The  final  schedule  called  for  a  rear  propeller 

0  equal  to  84.5  percent  of  the  front  propeller  0  .  On  the  basis 
K  F 

of  a  12,300  pound  airplane  the  tilt-velocity  schedule  was 

generated,  see  Figure  211.  Note,  in  cruise,  the  front  tilt  angle 

is  0  =  -3  degrees,  and  0  *  -  2.5  degrees.  Originally,  the  tilt 

schedule  was  phased  to  zero  degrees  front  and  rear.  However,  for 
reasons  of  load  reduction  as  well  as  better  cruise  efficiency, 
the  cruise  tilt  angle  was  later  revised  to  the  values  now  shown. 

So  as  not  to  affect  the  fixed  gearing  between  the  front  and  rear 
propellers,  the  rear  tilt  angle  rerains  at  84.5  percent  of  the 
front . 


b.  Flap  and  Collective  Aileron  Phasing 


The  flap  and  collective  aileron  schedules  were  established  using 
simple  criteria.  For  hover,  the  flaps  and  ailerons  were  deflected 
to  decrease  download.  Deflections  beyond  60  degrees  effected 
little  change  in  downloads.  Consequently  a  target  value  of  60 
degrees  deflection  subject  to  linkage  idiosyncracies ,  was 
established.  The  deflections  were  to  be  phased  to  zero  degrees 
in  cruise.  The  full  range  of  aileron  deflection  was  to  be 
maintained  at  all  tilt  angles.  The  flaps  and  ailerons  were  to 
be  phased  during  transition  to  give  maximum  lift  and  thus  a  high 
negative  pitching  moment  as  possible.  This  is  desirable  as  the 
torque  requirements  of  the  rear  propellers  during  conversion 
tends  to  approach  a  peak  and  any  reduction  of  lift  produced  by 
the  wing  will  reduce  the  lift  that  must  be  generated  by  the  rear 
propellers  and  thus  their  torque  load  requirements. 


Toed-out  configuration  requires  the  front  propeller  to  be  consistently 
at  a  lower  tilt  angle  than  the  rear  propeller. 
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When  using  the  ailerons  for  the  dual  purpose  of  increasing 
lift  as  a  flap  and  for  roll  control  the  maximum  flap  angle  is 
dictated  by  the  requirements  for  roll  control.  This  limited 
the  flap  angle  due  to  the  roll  control  power  requirements  at 
the  end  of  conversion.  The  final  schedule  built  into  the 
aircraft  are  shown  on  Figures  211  and  212. 


c.  Propeller  Blade  Angle  Phasing 
(1)  Auto-trim  schedule 

The  auto-trim  schedule  defines  the  difference  between  the 
front  and  rear  propeller  blade  angle  as  a  function  of  tilt 
angle,  at  Eero  stick  position.  It  is  equivalent  to  adjusting 
the  front  and  rear  wing  incidences  to  give  near  zero  moment 
for  the  stick  neutral.  Although  the  propeller  moment  is  sen¬ 
sitive  to  horsepower,  advance  ratio,  angle  of  attack,  center 
of  gravity  and  tilt  angle,  only  one  auto-trim  schedule  can  be 
used.  The  fina]  compromise  was  to  adjust  the  schedule  as 
an  average  between  the  extreme  moments  that  might  be 
encountered  at  any  given  tilt  angle.  Figure  214  gives  the 
schedule  which  was  built  into  the  aircraft.  The  large  nega¬ 
tive  gradient  ^  coming  off  the  hover  point  created  some 
concern  early  in  the  development.  It  was  the  result  of  small 
scale  wind  tunnel  testing.  Flight  tests  of  the  X-19  have 
shown  control  deflections  to  be  quite  close  to  the  predicted 
values.  That  the  stick  deflections  are  as  predicted  implies 
a  :lose  agreement  between  flight  test  and  small  scale  tunnel 
results . 


(2)  Pitch-gain  schedule 

The  pitch-gain  schedule  relates  to  the  phaseout  of  propeller 
pitch  control  with  tilt  angle.  It  was  generated  with  the 
intent  of  maintaining  constant  control  moment  through  transi¬ 
tion.  Thus  as  elevator  power  builds  up,  propeller  pitch 
power  is  phased  out.  Figure  215  describes  the  pitch  gain 
variation  with  tilt  angle. 


This  reflects  the  large  pitch  up  moment  with  velocity  off  the  hover 
point.  The  interference  effects  which  contribute  to  this  are  discussed 
in  Section  III,  4. 
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Figure  214.  X-19,  coordinator  auto-trim  schedule. 
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(3)  Roll-gain  schedule 


The  roll-gain  schedule  is  used  to  phase  the  propellers  out  of 
the  roll  control  with  tilt  angle.  As  with  the  pitch  control, 
the  phase  out  is  not  complete  until  the  cruise  tilt  angle  is 
achieved.  Originally,  a  roll  control  of  13,000  ft-lbs. 

(hover)  was  designed  into  the  aircraft.  Flight  test  ex¬ 
perience  indicated  a  desire  for  greater  control.  The  co¬ 
ordinator  gains  were  increased  to  provide  20,000  foot-pounds 
of  rolling  moment  (maximum). 

The  roll  gain  schedule  shown  in  Figure  216  corresponds  to 
this  requirement.  A  look  at  the  roll  gain  schedule  indicates 
a  negative  gain  on  the  rear  propellers  at  the  lower  tilt 
angles.  As  this  gain  corresponds  to  a  right  roll  deflection, 
one  finds  that  a  large  adverse  roll  has  been  inserted  solely 
to  remove  the  yaw  coupling. 

(4)  Yaw-gain  Schedule 

The  yaw  schedule  is  presented  in  Figure  217.  Unlike  the 
pitch  and  roll  schedules,  the  yaw  gain  is  phased  out  at 

{j  =40  degrees.  With  this  phasing,  the  yaw  control  is 
F 

always  greater  than  the  hover  value.  The  yaw  control  is 
positive  about  all  four  propellers  in  the  hover  configura¬ 
tion.  Below  0p  =  50°,  one  notes  the  front  propeller  thrust 
will  subtract  from  the  positive  yaw  moments.  Again,  this  is 
the  result  of  removing  the  roll  couple. 

8.  CONTROL  MIXING 

The  variation  with  speed  of  propeller  and  aerodynamic  surface  contribu¬ 
tions  to  total  pitch,  roll  and  yaw  control  moments  through  transition  is 
shown  in  Figures  185,  186  and  187.  It  should  be  noted  that  the  airspeeds 
shown  in  these  figures  correspond  to  prescribed  propeller  tilt  angles 
according  to  the  transition  tilt  schedule  shown  in  Figure  211.  If  at  some 
fixed  tilt  angle  airspeed  deviates  from  the  specified  schedule,  total 
available  control  moment  will  vary  in  conventional  fashion;  namely,  if 
speed  increases  (at  fixed  tilt  angle)  then  maximum  available  control 
moment  increases,  and  vice  versa. 


386 


EURfBSHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  AFJ1IMSI-  1040.  SHALL  NOT  BE  EITHER  RELEASED  Ol  TSIDE  THE  GOV  ERNMENT ,  OR  U'SFD. 
DUPLICATED  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURTISS- WRIGHT  COR¬ 
PORATION  EXCEPT  FOR  (11  EMERGENCE  REPAIR  OR  OVERHAUL  WORK  BE  OR  FOR  'HE  GOVERNMENT  WHERE  THE  ITEM  DR  PROCESS  IS  NOT  OTHERWISE  RE- 
SONABLE  AVAILABLE  EO  ENABLE  TIMELE  PERFORMANCE  OF  THE  WORK.  OR  (ul  RELEASE  TO  A  FOREIGN  GOVERNMENT,  AS  THE  INTERESTS  OF  THE  UNITED 
STATES  MAE  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE,  USE,  DUPLICATION  -R  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOREGOING 
LIMITATIONS  THIS  LEGEND  5 HA LL  BE  MARKED  ON  aNE  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART 


o 

r-4 

I 


o 


o 

CM 


o 

CO 


o 

<r 


o 

in 


O 

vO 


o 

i-"- 


o 

00 


o 

CN 


o 

o 


w 

Q) 

0) 

U 

00 

Q> 

*TD 


'SX 


cn 


CM 


o 


saai8ap  - 


• 

0J 

f—H 

3 

T> 

QJ 

X 

CJ 

W 


c 

•H 

00 


O 

u 

u 

o 

■U 

c 

T3 

V-» 

o 

o 

o 


I 

X 


v£> 

t— < 

CM 

<U 

Vj 

o 

00 

»r4 

tn 


-1187 


387 


'FURN15H.SD  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  AFS3(61S>- 3940.  SHALL  NOT  BE  EITHER  RELEASED  OUTSIDE  THE  GOVERNMENT.  OR  USED 
DUPLICATED.  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  Of  CURTISS- WRIGHT  COR¬ 
PORATION,  EXCEPT  FOR  (l)  EMERGENCY  REPAIR  OR  OVERHAUL  WORK  BY  OR  FOP  THE  GOVERNMENT.  WHERE  THE  ITEM  OR  PROCESS  IS  NOT  OTHERWISE  RE- 
SONABLY  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WORK.  OR  (U  RELEASE  -  A  FOREIGN  GOVERNMENT.  AS  THE  -NTERE3TS  Or  THE  UNITED 
STATES  MAT  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEA'-E,  USE.  Dt.  '“•TION  OR  DISCLOSURE  HEREOF  SHALL  BE  TJUJEC ,  TO  THE  FOREGOING 
LIMITATIONS  T.<IS  LEGEND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART." 


aaa8ap  -  IBPadg^7 


O  =  Right  Front  (No.  4)  Prop 
□  =  Left  Rear  (No.  2)  Prop 
I  I 

Right  Left 

Front  Front  " 


Prop  A/3^  =  -  A/3^ 

Left  Right 

Rear  Rear 

Prop  A#2  =  -  A/3^ 


0p  -  degrees 


Figure  217.  X-19,  coordinator  yaw-gain  schedule. 
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SECTION  VIII  NOMENCLATURE 


Rate  of  change  of  pitching  moment  coefficient  with  angle  of  attack 
Propeller  diameter, 

Mean  height  of  propeller  disks  above  ground, 


Rate  of  change  of  rolling  moment  with  roll  attitude, 


ft-lb/deg 


Rate  of  change  of  pitching  moment  with  pitch  attitude 


ft-lb/deg 


.E.  In  ground  effect 
,E.  Out  of  ground  effect 
Lift , 

Coefficient  of  fuselage  drag 
Coefficient  of  landing  gear  door  drag 


Wake  stream  dynamic  pressure. 


lb/ft' 


Fuselage  reference  area. 


Landing  gear  door  reference  area. 


SECTION  VIII 


GROUND  EFFECTS 


1 .  INTRODUCTION 

The  amount  of  data  accumulated  on  the  X-19,  relating  to  ground  effects,  is 
not  very  large..  However  some  notable  comments  are  made  based  on  the 
limited  tests  run  during  the  program.  The  introduction  discusses  some  of 
the  informal  findings  made  by  the  pilot  in  che  course  of  the  hover  and  low 
speed  flights. 

To  begin  with,  the  first  hover  flights  of  the  X-19  were  performed  within  2 
or  3  feet  of  the  ground.  Reflecting,  the  normal  learning  curve,  the  pilot 
was  capable  of  steady  hovering  after  about  10  minutes  of  accumulated 
flying.  In  all  of  these  flights,  the  pilot  felt  that  stick  activity  was 
high.  This  was  said  to  be  a  frequency  rather  than  magnitude  effect.  In 
later  hover  flights,  the  pilot  increased  altitude  above  the  nominal  "ground 
level"  hovering.  Th^  pilot  reported  that  above  about  3  feet  of  altitude, 
stick  activity  diminished.  What  is  more,  the  general  vibration  and  noise 
level  were  also  reduced.  Thereafter,  hovering  was  performed  at  the  higher 
heights.  This  low  level  ground  effect  is  presumed  to  be  an  oscillatory 
shifting  of  the  propeller  wake,  which  is  aggravated  even  by  low  intensity 
gusts.  Further  comments  concerning  the  wash  upon  the  fuselage  are  given 
in  the  following  section. 

Another  characteristic  which  the  pilot  observed  was  the  difference  in  stick 
activity  at  velocities  greater  than  the  hover  point.  For  example,  below 
about  15  knots,  the  pilot  observed  large  oscillations  on  the  boom-mounted 
airspeed  pickup.  Consistent  with  these  oscillations  was  a  reasonably 
active  stick  motion.  Above  15  knots  however,  stick  motion  ®  eased  con¬ 
siderably;  so  too  did  the  gyrations  on  the  boom.  This  behaviour  appears 
related  to  the  bending  of  the  propeller  wake.  Above  15  knots  the  wake 
shifts  aft;  whereas  below  15  knots  a  portion  of  the  wake  shifts  forward, 
and  recirculates  sufficiently  to  agitate  the  velocity  pick  up.  This 
characteristic  has  been  found  in  the  Curtiss -Wright  X-100  as  well  as  in 
other  types  of  VTOL  machines.  Further  comments  concerning  this  behaviour 
are  given  in  this  section  under  inlet  recirculation. 

2.  GROUND  EFFECTS  UPON  STABILITY  AND  CONTROL 

Information  gathered  in  a  ground  proximity  test  on  a  12%  scale  X-19  model 
is  consistent  with  test  pilots'  comments  regarding  the  full  scale  air¬ 
plane's  hover  stability  and  control  characteristics  in  ground  effect. 


8  By  stick  motion  is  meant  an  oscillatory  motion  of  the  stick  about  the 
required  trim  position.  Forward  trim  increases  with  speeds  above  15 
knots  if  no  down  tilt  is  initiated. 
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The  model  tests  show  that  in  close  ground  proximity  there  are  significant 
variations  in  aircraft  pitching  moment  as  a  function  of  pitch  angle,  and 
in  rolling  moment  as  a  function  of  roll  angle  (i.e.  Mg  4  0 ,  4  0,  as  is 


4  0 ,  as  is 


the  case  for  O.G.E.  hover)  . 
Mg  =  -1000  ft.  lb/deg.  and 


Average  values  obtained  from  these  tests  were, 
=  +150  ft. lb/deg.  at  h/D  =1.2  (where  h  - 


mean  height  of  propeller  diameters  above  ground,  and  D  =  propeller 
diameter) .  This  h/D  value  is  equivalent  to  a  full  scale  wheel  height 
above  ground  of  approximately  9  feet.  It  will  be  noted  that  the  Mq 
is  stable  while  Lq  is  unstable. 

The  validity  of  these  data  is  verified,  at  least  qualitatively,  through 
observations  made  by  the  pilots  who  flew  in  the  aircraft. 

The  Cur tiss -Wright  test  pilot  frequently  commented  on  the  need  for  in¬ 
creased  roll  stick  activity  in  close  ground  proximity,  but  made  no  adverse 
comments  on  pitch  stick  requirement.  The  point  is  well  illustrated  by  the 
military  co-pilot's  observation  on  Flight  No.  37:  "Moderate  upsetting 
lateral  moments  were  encountered  just  before  the  aircraft  touched  the 
ground.  Stick  activity  was  noticeably  high  . 

The  following  hypotheses  are  presented  as  explanations  for  the  nature  of 

Me  and  V 

Mq  a  negative,  or  stabilizing  term.  The  negative  value  may  be  explained 
by  the  effect  of  ground  on  front  and  rear  pairs  of  propellers.  Consider 
for  example  the  case  where  the  aircraft  pitches  nose  down  (negative  pitch 
angle) ;  the  front  propellers  move  closer  to  the  ground  and  the  rear 
propellers  move  further  away,  which  due  to  normal  ground  effect  produces 
an  increase  in  thrust  of  the  front  propellers  and  a  decrease  in  thrust  of 
the  rear  propellers;  or  in  total,  a  nose  up  pitching  moment  (i.e.  negative 


a  positive,  or  destabilizing  term.  The  same  argument  would  seem  to 
apply  to  as  to  Mg ,  which  would  imply  a  stable  value  for  also. 

However,  consider  for  example  the  case  where  the  aircraft  rolls  right 
(positive  roll  angle).  As  the  right  roll  proceeds,  the  center  of  pressure 
of  the  recirculating  propeller  wash  impinging  on  the  underside  of  the 
aircraft  fuselage  moves  tc  the  left  (or  toward  the  "open"  side)  producing 
a  right,  or  positive,  rolling  moment  (i.e.  acting  in  the  direction  of  the 
roll  angle  perturbation)  . 


It  is  suggested  that  this  moment  is  large 
to  ground  effect  on  the  individual  propel 
result  is  that  is  destabilizing.  This 
tiated  by  the  tendency  (as  measured  in  th 
sign  (become  stabilizing)  at  roll  angles 
degrees.  This  indicates  that  the  center 
wash  has  passed  beyond  the  bounds  of  the 
tion  becomes  almost  identical  to  that  in 
wash  effect  is  felt  to  be  minor. 


r  than  the  stabilizing  moment  due 
lers  (as  with  Mg  ) .  The  net 
explanation  is  further  substan- 


e  model  tests)  for  to  change 
greater  than  approximately  5 
of  pressure  of  the  recirculating 
fuselage  underside  and  the  situa- 
pitch.  In  pitch  the  recirculating 
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At  aircraft  heights  greater  than  h/D  =  3  (wheel  height  approximately  30 
feet) ,  ground  effects  on  stability  and  control  are  considered  insignifi¬ 
cant  . 

A  very  limited  amount  of  additional  data  applicable  to  low  speed  forward 
flight,  in  ground  effect,  is  available  from  (59).  This  report  contains 
the  results  of  a  127  model  X-19  wind  tunnel  test  at  a  few  selected  transi¬ 
tion  configurations  (at  large  propeller  tilt  angles).  The  conclusions 
drawn  from  these  data  regarding  the  effects  of  ground  and  velocity  on  lift 
and  drag  are  discussed  in  Section  111.  Here  it  is  mentioned  that  these 
data  indicated  very  little  change  in  the  value  of  the  static  stability 
derivative  ,  I.G.E.,  compared  with  O.^.E.  values.  However,  a  nose  up 
pitching  moment  is  generated  when  climbing  out  of  ground  effect  at  con¬ 
stant  speed  and  angle  of  attack,  it  is  pointed  out  that  no  such  trim 
changes  were  observed  by  the  pilot  during  the  STOL  phase  of  the  flight 
test  program. 

(59)  also  indicates  that  at  low  forward  speeds,  control  power  is  un¬ 
affected  by  ground  proximity. 

3.  FLOW  FIELD  RECIRCULATION  -  ENGINE  INLET 

a.  General 

Flow  distortion  tests  within  engine  limits  were  accomplished  on 
the  Curtiss-Wright  half-system  rig.  It  was  determined  that  less 
than  2%  pressure  drop  and  less  than  4  degrees  F  temperature 
change  (including  oil  cooler  and  engine  cooler  gear  box)  was 
attributable  to  ground  effect.  This  represents  a  TL  power  decre¬ 
ment  from  standard  day  O.G.E.  values. 

b.  Recirculation 

There  was  no  supportable  evidence  in  these  tests  of  recirculation 
of  engine  exhaust  into  the  inlet.  Neither  was  there  any  known 
ingestion  of  exhaust  due  to  tail  winds  or  rapid  rearward  movement 
of  the  aircraft,  although  r  .ecific  tests  were  not  performed. 

c.  Reverse  Flow 

For  the  case  with  dead  engine,  tested  in  both  rigs,  no  recircula¬ 
tion  from  operating  engine  exhaust  through  dead  engine  (reverse 
flow)  was  observed  or  measured.  However,  a  secondary  effect, 
where  the  live  engine  exhaust  sucks  air  through  the  dead  engine 
in  parallel  flow,  did  exist.  No  quantitive  data  were  taken  to 
demonstrate  the  magnitude  of  this  effect. 

d.  Foreign  Object  Ingestion 

The  ever  present  problem  of  foreign  objects  being  sucked  into  the 
engine  inlet  was  also  considered  during  ground  testing.  Both  the 
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X - 1 9  and  the  X-100  encountered  minor  problems  of  this  nature, 
especially  where  the  propeller  flow  whipped  loose  terrain  (small 
stones)  into  the'  air  during  ground  runs.  There  was  evidence  of 
stone  ingestion  during  sue!)  a  test.  However,  most  foreign  objects 
did  settle  at  the  bottom  of  the  inlet  plenum. 

Damage  to  engines  from  foreign  objects  is  costly  .a-  1  needless. 

Some  damage  to  the  first  few  stages  of  the  engine  c  mpressor  did 
occur  due  to  small  stone  ingestion.  A  retractable  3/16  to  1/4" 
mesh  screen  with  .060  wire  grid  in  the  plenum  chamber  would  cer¬ 
tainly  prove  its  worth.  Consideration  was  also  given  to  some  form 
of  "egg-crating"  (vertical  baffling)  to  be  installed  in  this  area. 
Such  baffling  had  not  previously  been  installed;  however  it  is 
believed  that  all  but  perhaps  10’  of  the  ingestion  without  baffling 
would  be  trapped  by  its  use. 

e.  Dust  Clouds 

Experience  with  X-19  and  X-100  flights  has  shown  that  at  speeds 
below  15  knots  in  normal  operation  a  dust  cloud  is  generated 
around  the  airplane  on  unprepared  runways.  At  speeds  m  excess  of 
15  knots  this  cloud  was  observed  to  shift  behind  the  airplane  and 
effectively  out  of  the  province  of  objectionable  interference. 

Other  VTOL  aircraft  manufacturers  have  encountered  the  same  effect. 
There  appears  to  be  little  that  can  be  done  about  this,  short  of 
having  a  "white  room"  flight  test  area. 

4.  HOVER  POWER  REQl’IREMEXT  WITH  GROUND  HEIGHT 

It  has  been  shown  experimentally  with  both  the  X-100  and  X-19  aircraft  and 
substantiated  qualitatively  by  theoretical  means  that  a  multi-propeller 
VTOL  hovering  in  ground  proximity  experiences  a  beneficial  lifting  augmen¬ 
tation.  To  the  VTOL  pilot  this  is  a  vitally  important  factor,  particularly 
in  its  application  to  engine-out  landings;  and  accurate  prediction  of  this 
beneficial  ground  interference  effect  must  be  paramount  in  a  program  such 
as  the  X-19  development. 

In  the  case  of  X-100  flight  tests,  it  was  evident  t'vat  a  positive  pressure 
field  was  created  on  the  bottom  cf  the  fuselage.  The  wake  leaving  the  two 
propellers  impinged  on  the  ground  and  then  spread  radially.  A  plane  of 
symmetry  was  generated  along  the  centerline  where  the  flow  of  the  two  props 
met  and  turned  upward  to  press  on  the  lower  fuselage.  This  gave  local 
pressures  above  one  atmosphere  thereby  inducing  an  upload  on  the  airplane. 
Velocity  survey  measured  at  ground  level  beneath  the  propellers  and  under 
the  fuselage  gave  quantitative  credence  to  this  premise.;  It  should  be 
noted  that  this  beneficial  X-100  lift  increment  acts  at  the  c.g.,  and  thus 
required  no  change  in  control  stick  position. 

The  X-100  test  pressure  data  has  been  applied  to  the  X-19  configuration  to 
estimate  its  ground  effect..  Since  this  configuration  utilized  four  pro¬ 
pellers,  the  law  of  super-position  was  applied.-  The  predicted  pressure 
distribution  is  shown  in  Figure  218.  It  can  be  seen  that  the  front  two 
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Figure  218.  Estimated  hover  ground  effect  pressure  distribution  for  the 
X-200  configuration. 
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propellers  create  a  vertical  velocity  along  the  fuselage  line  of  symmetry, 
and  the  two  rear  propellers  contribute  in  a  like  manner.  There  is  also  a 
third  contribution  that  occurs  from  interaction  of  the  two  front  propellers 
with  those  at  the  rear  causing  a  local  high  pressure  peak  halfway  between 
the  front  and  rear  propellers.  By  coincidence  this  area  of  high  pressure 
appears  at  the  open  landing  gear  doors  which,  because  of  the  high  pres¬ 
sure,  contributes  greatly  to  the  overall  ground  effect  lifting  increment. 

This  lift  increase  has  been  computed  as; 


AL  =  CDXq/f  + 


where  the  first  term  is  the  fuselage  contribution  (for  Reynolds  number 
and  the  geometry,  a  =  0.45  was  used)  ,  The  second  term  is  the  landing 
gear  door  contribution  (use  =  1.0,  and  is  the  profile  door  area)  . 

The  fuselage  contributes  10X  lift  augmentation  and  the  doors  seven  per 
cent,  giving  precisely  the  same  ground  effect  increment  of  17  per  cent  as 
the  X-100.  The  resultant  force  due  to  ground  effect  occurs  at  about  39 
of  the  lift  chord,  which  again  is  very  close  to  the  aircraft  center  of 
gravity.  Figure  219  is  included  here  to  compare  X-100/X-200  lift  augmen¬ 
tation  due  to  ground  effect,  as  defined  above,  with  similar  data  for  the 
Hiller  Aircraft  Corp.'s  X-18  tilt  high-wing  test  aircraft..  The  higher 
lift  augmentation  of  the  latter  aircraft  can  be  attributed  to  its  high 
disk  loading  and  flat  bottom  fuselage.;  In  hover,  it  was  found  that 
ground  effect  falls  off  appreciably  with  height  off  the  ground,  becoming 
zero  at  about  2.5  propeller  diameters. 

Subsequent  X-19  model  ground  effect  tests  were  conducted  in  November  1964, 
and  are  reported  in  Paragraph  IX,2.e.(2)  over  ground,  and  in  tests  a  year 
earlier  over  water  in  Paragraph  IX,2.e.(l).  The  data  obtained  in  those 
tests  have  essentiall>  confirmed  the  above  results. 

For  further  detailed  discussion  of  ground  effects,  see  Section  III, 4.  of 
this  report. 
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SECTION  IX  NOMENCLATURE 


(  I) 

CL 

c.c 

c 


1 


c. 


T, 


1*l 

s 

LYm 

c 

y 

I) 

h/D 

I 

N 

T.S. 

q 


propeller  angle  of  attack 
drag  coefficient  -  D/qS 
litt  coefficient  =  L/qS 
center  of  gravity 
rolling  moment  coefficient 
airplane  lift  coefficient 
pitching  moment  coefficient 
propeller  .ormnl  force  coefficient 
power  coefficient  -  propeller 
rolling  moment  coefficient 
propeller  thrust  coefficient 
yawing  moment  coefficient 
side  force  coefficient 
oropeller  diameter 
height  to  diameter 
advance  ratio  =  V/n  D 

P 

propeller  RPM 
tunnel  speed 
dynamic  pressure 


F  =  f  iselage 

N  =  nacelle 

P  =  power 

V  =  vertical  tail 

W  =  wings 

Subscripts 
B  =  bow 

A  =  aft 


MODEL  DESIGNATIONS 

a  £  =  fuselage  angle 

/3  =  propeller  blade  angle 

8  =  surface  deflection  angle 

vj/  =  yaw  angle 


SECTION  IX 


WIND  TUNNEL  TESTS 


1 .  INTRODUCTION 

The  history  of  the  Curtiss-Wright  X-19  configuration  development,  begin¬ 
ning  with  proving  the  concept  of  tilting  propellers  and  of  radial  lift 
from  the  propellers,  has  been  adequately  covered  earlier  in  this  report. 
Suffice  it  to  say  here  the  evolution  of  the  tandem  tilt  propeller  VTOL 
aircraft,  culminating  in  the  ultimate  construction  and  flight  and  ground 
testing  of  two  X-19  aircraft,  Air  Force  S/N  62-12197  and  62-12198,  came 
about  as  a  result  of  considerable  wind  tunnel  testing,  including  full- 
scale  Model  X-100  testing  in  the  NASA  Ames  Research  Center  40  by  80  foot 
tunnel.  This  design  evaluation  backup  was  instrumental  in  critically 
defining  many  of  the  design  and  control  parameters  which  went  into  the 
X-100  and  X-19  flight  test  vehicles.  It  is  the  purpose  of  this  section  to 
elaborate  on  these  tests  and  their  contribution  to  the  ultimate  flight 
articles . 

The  objective  of  conducting  wind-tunnel  tests  is,  of  course,  to  provide 
data  on  the  actual  configuration  to  supplement  calculated  data  for  pre¬ 
dicting  perform? -oe ,  loads,  stability  and  control.  Wind  tunnel  tests  are 
planned  and  executed  so  as  to  duplicate  as  "early  as  possible  full-s  ale 
conditions  so  that  corrections  to  the  data  will  be  minimized.  Un¬ 
fortunately  this  is  generally  not  the  case.  It  then  becomes  necessary  to 
run  the  model  tests  and  develop  corrections  for  scale  effects  so  that 
reliable  estimates  of  the  full-scale  performance  can  be  made. 

2.  TESTS  IN  SUPPORT  OF  X-19  AND  X-100  AIRCRAFT 
a.  General 

A  large  quantity  and  variety  of  data  were  taker,  on  c  substantial 
number  of  scale  models  during  the  wind  tunnel  testing  phase  of  the 
X-19  development  program.  These  data  were  reported  in  a  series  oi 
wind  tunnel  test  reports,  in  which  the  nature  of  the  tests  run 
and  their  results  are  catalogued. 

It  would  not  be  appropriate  in  this  Technology  report  to  delve  in 
any  great  detail  into  each  individual  test  run,  but  rather  to 
establish  the  significant  characteristics  and  parameters  derived 
from  such  testing. 

Curtiss-Wright  Corporation  does  not  have  its  own  wind  tunnel  £•■  r 
facilities,  and  therefore  all  testing  of  the  X-19  concept  con¬ 
figuration  was  accomplished  in  five  commercial  or  U.S.  Government 
wind  tunnels,  as  follows:  The  MIT  Wright  Brothers  Memorial  Wind 
Tunnel,  Cambridge,  Massachusetts Cornell  Aeronautical  Laboratory, 
Transonic  Tunnel,  Buffalo,  New  York;  North  American  Aviation 
Corporation,  NACAL  Facility,  Columbus,  Ohio;  University  of  Mary- 
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land,  Wind  Turnel,  College  Park,  Maryland';  and  Che  NASA  Ames 
Research  Center  40  by  80  foot  full-scale  tunnel,  Moffett  Field, 
California . 

b.  Test  Models 

The  models  tested  varied  in  size,  arrangement  and  purpose.  Six 
specific  models  of  the  four-tilt-propeller  type  were  used  at 
various  times  during  the  test  programs.  However,  one  in  partic¬ 
ular,  the  12%  scale  X-200  tandem  wing  stability  model,  was  the 
basic  model  and  was  used  extensively  for  determining  the  X-19 
characteristics.  One  other  model,  that  depicting  the  Curtiss- 
Wright  Model  90  AAFSS  Proposal  configuration,  was  also  devised 
and  tested  in  1964;'  its  results  were  only  qualitatively  applicable 
to  the  X-19  program,  and  were  unrelated  to  the  first  X-200  test 
program  six  years  earlier. 

The  models  used  in  these  wind  tunnel  tests  are  identified  as 
follows: 

(1)  12%  Scale  X-200  Tandem  Wing  Stability  Model 

{2)  11.54%  Scale  X-200  Tandem  Nacelle  Radiator  Model 

(3)  25%  Scale  X-200  Semi-Span  Rear  Wing  Model  (54^-418  modified) 

(4)  50%  Scale  X-200  Half-Wing  Model  (NACA  64^-421  modified) 

(5)  7.15%  Scale  X-300  Tandem  Wing  and  Propeller  Model 

(6)  12%  Scale  X-200  Fuselage  Pressure  Distribution  Model 

c.  Test  Uses  of  Models 

"Hiese  in  turn  had  as  their  main  purposes: 

(1)  The  primary  stability  and  control  investigation  of  the 

Cur tiss-Wright  Model  X-200,  the  aerodynamic  properties  of 
propellers  mounted  in  tandem  on  nacelles  at  wing's  extremity; 
various  tail  configurations;'  simulated  transition  flight;' 
variation  of  nacelle  angles;  alternate  rotation  of  propellers 
blade  angle  variations;  and  wing  incidence  variation. 


(2)  To  test  the  cooling  capabilities  and  external  aerodynamic 
forces  of  nacelle  mounted  radiator. 

(?)  To  determine  power-off  control  surface  hinge  moments 

together  with  force  and  moment  characteristics  of  wing 
alone  for  clean  conditions. 
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(4)  To  determine  wing  and  flap,  force,  moment  and  pressure 
distribution  at  various  flap  deflections,  and  angle  of  attack 
variation . 

(5)  Unconventional  configuration  (single  wing  with  nacelle  pods 
at  wing  tips)  with  tandem  propellers  at  opposite  extremities 
of  each  nacelle;  ascertainment  of  the  propeller  wash  effects. 

(6)  Determination  of  pressure  and  flow  patterns  about  the  entire 
fuselage,.- 

d ..  Model  Variations 

Except  for  the  tests  on  the  model  of  X-300  aircraft  configuration, 
all  other  wind  tunnel  tests  in  the  X-19  simulation  program  were 
conducted  with  models  made  for,  or  derived  from,  X-200  configur¬ 
ation.  , 

This  latter  aircraft  design  configuration  differed  from  the  X-19 
flight  configuration  essentially  by  its  18  inch  shorter  fuselage 
and  consequent  lift-chord  length,.:  The  X-19  model  also  incorpor¬ 
ated  a  9  inch  shorter  nose  section,  a  change  in  windshield  con¬ 
figuration,  and  modifications  to  the  flap  and  elevator  arrangements 
of  the  original  127,  scale  X-200  model. 

All  tests  reported  in  the  MIT  Reports  1006  or  earlier  (pre-1962) 
are  specifically  the  X-200  original  configuration,  with  some  inlet 
variations  early  in  that  program  to  account  for  change  of  aircraft 
engine  type  from  Wankel  to  gas  turbine  propulsion  means.  While 
these  models  do  not  truly  represent  the  final  X-19  configuration, 
tests  run  with  the  X-200  models  were  instrumental  in  establishing 
fruitful  test  data  in  later  test  programs  at  MIT,  CAL  and  NACAL 
for  the  X-19  type  . 

Wind  tunnel  tests  reported  in  MIT  Report  No.  1019,  (60),  and  in 
the  later  CAL  and  NACAL  series  were  conducted  only  with  the  1 2% 
scale  X-200  tandem  wing  stability  model.  These  were  modified  by 
the  addition  of  a  proportionately  scaled  18  inch  fuselage  section 
and  reshaped  nose,  as  well  as  the  windshield  and  control  surface 
changes,  to  represent  the  X-19  configuration.  Therefore,  data 
derived  in  tests  reported  in  MIT-1019  and  in  subsequent  tests  are 
in  fact  X-19  data. 

The  fuselage  of  the  latter  model  was  composed  of  a  steel  frame  to 
which  the  other  components  ere  attached,  and  a  mahogany  shell 
which  gives  it  aerodynamic  shape.  A  30  horsepower  electric  motor 
was  mounted  in  the  fuselage  and  supplied  power  to  the  propellers 
for  power-on  tests.  The  air  intake  scoop  (sealed)  was  situated 
on  the  upper  surface  of  the  fuselage  in  front  of  the  rear  wing. 
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The  four  wing-panels  used  in  the  MIT  -  1019  tests  were  made  of 
machined  aluminum  and  housed  power  shafts  to  the  propellers.- 

The  bow  wing  was  shaped  to  represent  a  modified  NACA  2421  airfoil 
section,  and  the  aft  wing  was  made  as  a  modified  NACA  642'418  sec¬ 
tion.  These  smooth  wings  were  also  tested  with  a  surface-roughness 
grit  material  included.  The  K90  grit  number  used  in  the  MIT- 1019 
tests  had  an  average  size  of  0.007  inch  and  was  applied  along  the 
span  at  the  quarter-chord  of  both  wings  and  tail,  as  well  as  at 
designated  points  on  the  other  components  of  the  airplane.  Other 
grit  sizes  were  investigated  in  the  CAL  series  of  tests. 

Power  nacelles  made  of  steel  were  used  in  the  X-19  model  version. 
These  are  107  larger  in  diameter  than  the  scale  nacelles  and  con¬ 
tain  the  gearing  and  drive  shafts  for  the  propeller.; 


The  steel  sleeves  which  carry  the  power  shafts  to  the  propellers 
were  strain-gage  instrumented  to  record  the  thrust  on  both  the 
bow  and  aft  propellers  on  the  left  side.  A  Baldwin  torque  cell 
was  installed  on  the  forward  drive  shaft  to  determine  the  power 
absorbed  by  both  front  props.  The  strain  gage  and  torque  cell 
data  were  noted  on  a  Brown  Recorder.  The  propeller  blades  were 
of  fiberglass  construction.  The  blades  were  statically  balanced 
and  their  blade  angle  was  pread justable. 


For  the  CAL  tests,  CAL  relocated  the  propeller  gear  train  drive 
system,  recut  and  refinished  the  model  core,  and  fabricated  new 
forward  and  aft  wings  and  vertical  tail  of  steel.  Also  seven 
instrumented,  remotely  actuated  control  surfaces  were  fabricated 
as  integral  components  in  the  wing  and  tail  panels  to  measure 
hinge  moments  produced  by  panel  loads.  A  model  electric  motor 
located  in  the  fuselage  was  used  to  drive  the  four  propellers 
through  a  drive  belt  and  gear  train,  producing  clockwise  rotation 
of  the  forward  right  and  aft  left  (pilot's  view)  propellers,  and 
counterclockwise  rotation  for  the  remaining  propellers. 

For  one  CAL  run  only,  boundary  layer  transition  strips  (No.  120  grit 
which  has  the  average  grain  size  of  .0049  inch  were  applied  on  the 
fuselage  nose  and  aft  of  the  engi  is  inlet,  as  well  as  the  10%  chord 
on  all  wing  and  tail  surfaces.  A  photograph  of  the  X-19  model  is 
shown  in  Figure  220,  although  not  as  mounted  in  the  CAL  tunnel.  The 
only  other  model  modifications  were  those  necessitated  to  facilitate 
tripod  mounting  in  the  MI"'  tunnel,  sting  mounting  in  the  CAL  tunnel, 
and  post-mounted  in  tb :  NACAL  tun. el  (as  in  Figure  220). 

e.  Wind  Tunnel  Test  Facilities  Used 

The  test  series  and  their  detailed  objectives  and  accomplishments 
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Figure  220. 


0.12  scale  model  of  the  Curtiss-Wright  X-19  configuration 
mounted  in  the  NACAL  wind  tunnel. 


60-231 
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are  as  follows: 


(1)  Early  MIT  Tests 

The  earliest  applicable  Curtiss-Wright  tandem  wing  config¬ 
uration  wind  tunnel  tests  were  those  run  at  The  Massachusetts 
Institute  of  Technology  Wright  Brothers  Memorial  10  by  7.5 
foot  elliptical-section  Wind  Tunnel  during  the  latter  part 
of  1958  thru  1960. 

All  six  scale  models  previously  described  were  used  only  during 
this  test  series.  Because  these  tests  were  not  specifically 
representative  of  the  final  X-19  configuration,  only  brief  sum¬ 
mations  of  these  15  early  MIT  test  series  with  X-200  and  X-300 
models  are  given  hereafter. 

(a)  MIT  Report  979.  These  runs  investigated  the  aerodynamic 
properties  of  two  propellers  mounted  in  tandem  in  the 
influence  of  nacelles  and  wings.-  Wing  incidence  was 
varied  over  the  range  from  -  8  to  +  8  degrees;  nacelle 
gimbal  angle  was  set  variously  from  -  15  to  +  90  (full- 
up)  degrees;  and  propeller  blade  angle  set  at  specific 
values  from  10  to  38  degrees.  Force  and  power  co¬ 
efficients,  as  well  as  propeller  wake  pressure  data, 
were  recorded  for  the  wing,  nacelle  and  propeller,  the 
settings  consistent  with  the  127=  scale  X-200  model, 
with  non-scale  power  nacelles  incorporated. 

(b)  MIT  Report  984.  This  report  covers  the  extension  of  the 
previous  tests  to  supplement  che  data  over  greater 
angular  ranges  than  were  tested  earlier,  using  the  same 
model . 

(c)  MIT  Report  985.  With  the  substitution  of  scale  nacelles 
for  the  previous  power  nacelles,  the  basic  aerodynamic 
stability  and  control  characteristics  of  the  127  scale 
X-200  model  were  tested,  with  the  nacelles,  ailerons, 
elevators,  rudder  and  flaps  deflected  as  required  for 
the  specified  control  study.  In  this  test  series, 
boundary  layer  trips,  in  the  form  cf  strands  of  thread 
of  various  diameters,  were  used. 

(d)  MIT  Report  989.  Tests  were  made  to  ascertain  the 
stability  and  control  characteristics  of  the  127  scale 
X-200  model  as  affected  by  a  variety  of  tail  config¬ 
urations,  nacelle-mounted  vertical  fins,  simulated 
transition  flight,  and  a  variation  in  nacelle  gimbal 
angle,  not  to  mention  alternate  locations  for  a  car¬ 
buretor  scoop.  These  tests  were  conducted  with  and 
without  power,  and  provided  pressure  distribution 
data  over  the  left  rear  wing  of  the  model  at  var¬ 
ious  control  surface  deflections. 
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(e)  MIT  Report  991.  A  similar  test  procedure  was  performed 
on  still  other  vertical  and  horizontal  tail  components 
on  the  12.  scale  X-200  stability  model.  In  addition, 
reversed  rotation  of  the  rear  propellers,  simulated 
transition,  rudder  deflection  and  autorotation,  were 
tested  for  a  range  of  propeller  blade  angle,  nacelle 
angle  and  wing  incidence  with  power  on  and  off.  The 
data  taken  were  in  the  form  of  force  and  moment  meas¬ 
urements  and  power  measurements. 

(f)  MIT  Report  992.  Using  the  half-scale  wing  model  having 
a  total  of  116  pressure  orifices  located  at  four  span- 
wise  stations,  tests  were  run  to  determine  wing  and  flap 
force,  moment  and  pressure  distribution  at  various  flap 
deflections,  and  through  an  a  range  from  -  8  to  +  16 
degrees . 

(g)  MIT  Reports  995  and  997.  The  only  tests  of  the  X-3(X) 
tandem  propeller  model,  consisting  of  the  right  wing  and 
tip  nacelle  of  the  proposed  airplane,  are  reported 
therein.  While  this  unorthodox  configuration  has  no 
bearing  on  the  X-19  configuration  technology,  the  tests 
provided  data  concerning  pitching  moment  vectors  in 
transition  as  well  as  propeller  wash  data  not  previously 
available  for  this  wing-nacelle-propeller  combination., 

(h)  MIT  Reports  996  and  998.  Using  the  11.547,  tandem 
nacelle  radiator  model,  tests  were  performed  to  test 

the  cooling  capabilities  and  external  aerodynamic  forces 
of  an  X-200  nacelle  radiator  configuration  in  the  flight 
modes  of  hover,  hover  with  ground  plane,  and  cruise 
(inner  door  removed) .  Again,  the  test  data  recorded 
were  values  of  pressure,  force  and  power. 

(i)  MIT  Report  999  .  Returning  to  the  127=  stability  model 
again,  tests  to  study  the  reliability  of  nacelle  coolers 
or  various  combinations  of  wing  coolers  rather  than 
fuselage  engine  coolers  were  investigated,  as  well  as 
devising  means  to  improve  the  stability  characteristics 
of  the  X-200. 

(j)  MIT  Report  1003.  Bow  and  aft  wing-nacelle-propeller 
lift,  drag,  propeller  power  and  pitching  moment  data 
simultaneously  and  in  close  proximity  to  the  fuselage 
during  transition  flight  were  obtained  in  this  test 
series.  The  force  and  moment  contribution  of  the 
propellers,  alone  as  tested  above,  were  also  measured. 
The  propeller  contribution  to  the  longitudinal  stability, 
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and  propeller  efficiency  in  the  cruise  configuration, 
were  also  valuable  outputs  of  these  test  runs.  Cruise 
data  were  taken  at  100  mph  tunnel  speed,  and  transition 
results  were  recorded  at  various  tunnel  speeds  from 
40  to  100  mph;  the  propeller  rpm  range  varied  from  3318 
to  6900  during  these  tests. 

(k)  MIT  Report  1004.  A  257.  scale  X-200-T  semi-span  rear¬ 
wing  model  provided  the  means  for  determining  the  power- 
off  control  surface  hinge  moments,  together  with  force 
and  moment  characteristics  of  wing  alone  for  clean 
conditions . 

Aileron  deflection  ranged  from  +  11  to  -  15  degrees, 
whereas  collective  aileron  deflections  covered  angles 
from  +  10  to  +  40  degrees.  Elevators  were  deflected 
variously  from  +  15  to  -20  degrees  in  these  tests,  while 
the  model  angle  of  attack  was  set  from  -  9  to  -t  16 
degrees . 

(l)  MIT  Report  1005.  Returning  to  the  12%  stability  model, 
further  tests  to  determine  the  aerodynamic  stability 
and  control  characteristics  of  the  X-200-T  aircraft 
were  made.  The  modiel  underwent  some  minor  changes  in 
this  series  principally  to  reduce  aerodynamic  inter¬ 
ference.  Also  the  effect  of  front-wing  roughness  IK.™) 
(0.0Q98  inch  maximum  grit  size)  on  longitudinal  stability 
was  investigated.  Rear  wing  area  was  further  increased 
with  the  attachment  of  a  piece  of  sheet  metal,  and  three 
variants  of  vertical  fin  to  evaluate  its  height  effects 
were  also  tested. 

(m)  MIT  Report  1006.  The  last  report  of  this  test  series 
at  MIT  recorded  supplementary  stability  and  control 
characteristics  tests  with  the  127.  X-200-T  model.  Tests 
of  the  rear  wing  enlargements,  per  the  MIT  Report  1005, 
were  extended  in  this  report  to  represent  two  different 
spans  and  various  wing  fairings.  A  front-wing  flap 
variation  and  a  different  vertical  fin  were  also  tested 
here.  The  drag  test  involved  the  use  of  a  ^£80  rou8^ness 
(0.0011  maximum  grit  size)  applied  to  all  components  of 
the  complete  configuration. 


(2)  Later  MIT  Tests 

The  tests  and  results  of  the  second  MIT  test  program,  using 
the  127,  scale  X-19  configuration  tandem  wing  model,  are 
contained  in  their  entirety  in  (60).  These  tests  were 
performed  during  March,  1962,  to  determine  the  longitudinal, 
lateral  and  directional  stability  characteristics  over  a 
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range  of  simulated  full-scale  flight  conditions.  Included 
in  that  program  were  specific  tests  to  determine  the  effect 
of  power,  the  aerodynamic  contributions  of  various  aircraft 
components,  and  a  props-off  drag  study.  Pressure  data  on  the 
flat-panel  windshield  and  the  windmilling  propeller  character¬ 
istics  of  the  aircraft,  both  in  and  out  of  ground  effect, 
were  also  investigated. 

The  relative  comparisons  within  the  results  are  more  accurate 
than  either  absolute  values  or  the  comparisons  between  re¬ 
ports.  This  is  due  to  scale  effects  and  wind  tunnel  influen¬ 
ces  unaccounted  for  by  the  standard  data  correction  methods. 

Since  this  test  series  was  the  first  to  investigate  the  X-19 
configuration  it  would  be  useful  to  present  some  graphical  re¬ 
sults  of  the  MIT  Report  1019  tests  as  a  basis  for  comparison 
with  other  tests  run  later  in  the  X-19  program. 

(a)  Longitudinal  Characteristics 

As  in  the  previous  MIT  tests  a  free-floating,  counter¬ 
balanced  fairing  was  installed  over  the  juncture  between 
the  support  system  and  the  model  to  decrease  turbulence 
at  the  model  support.  During  the  early  running  this  aic- 
foil  hung  up  occassionally ,  and  the  data  (especially  lift) 
is  subject  to  some  scatter. 

I.i  an  attempt  to  reduce  the  area  requirement  of  the  rear 
wing  and  obtain  a  more  aft  allowable  C.G,  a  floating  flap 
on  the  front  wing  was  investigated.  This  flap  was  de¬ 
signed  to  float  and  reduce  the  slope  of  the  lift  curve 
of  the  front  wing  and  so  improve  longitudinal  stability. 
Unfortunately  the  flap  would  float  at  two  different  an¬ 
gles  and  therefore  was  not  practical."  For  this  reason 
the  idea  was  abandoned. 

The  modifications  to  the  X-200  model  necessary  to  obtain 
X-19  model  configuration  (increased  fuselage  length  and 
flat  panel  windshield)  increased  the  longitudinal  stabil¬ 
ity  only  slightly.  Figure  221  (runs  28  and  100)  presents 
the  longitudinal  characteristics,  props  on  and  off,  of 
the  basic  cruise  configuration  of  the  X-19.  This  com¬ 
pares  favorably  with  the  earlier  MIT  Report  1006  test 
data  for  the  original  X-200  configuration. 

The  cirag  data  for  the  runs  with  free-floating  flap  on  the 
front  wing  are  presented  in  Figure  222,  combining  in  one 
illustration  all  such  data,  since  the  difference  in  the 
data  is  less  than  the  accuracy  of  the  balance. 

(b ;  Directional  and  Lateral  Stability 

The  directional  stability  (yaw)  and  lateral  stability 
•'roll)  of  the  cruise  configuration  at  the  cruise  angle 
c.f  attack  (about  4°)  may  be  seen  for  propellers  on  and 
off.  in  Figure  223  (runs  70  to  95).  The  yawing  moment 
and  rolling  moment  derivatives  differ  considerably  from 
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Figure  221.  Longitudinal  aerodynamic  characteristics  of  the  0.12  scale 
model  of  the  Cur :  i  ss-Wnght  X-19,  power  on  and  power  off, 
MIT-1019  runs  ’  aid  100. 
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Figure  222.  Drag  characteristics  of  the  0.12  scale  model  of  the  Curtiss 
Wright  X-’Q. 
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Figure  223.  Directional  and  lateral  stability  characteristics  of  the  0.12 
scale  model  X-19  in  MIT-1019  cruise  simulation. 
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previous  data  due  to  the  stretch  in  the  fuselage  and 
consequent  change  in  lift  chord  length.  Directional  and 
lateral  stability  were  greatly  improved  due  to  the 
stretch  in  the  fuselage. 

(c)  Other  Test  Data 

The  effects  of  power  on  the  components  of  the  aircraft 
in  cruise  were  also  investigated.  The  control  surface 
data  showed  that  adequate  and  reliable  control  power  was 
available . 

The  particular  values  of  area,  span  and  chord  used  to 
define  the  coefficients  are  scaled  values  of  the  refer¬ 
ence  constants  defined  for  the  full-scale  airplane,  and 
are  enumerated  in  (60). 

(3)  Cornell  Test  Series 

At  Cornell  Aeronautical  Laboratory,  Buffalo,  New  York,  the  8- 
foot  transonic  wind  tunnel  was  utilized  for  its  siie  (in 
relation  to  the  0.12  scale  model  size)  ability  to  br  pres¬ 
surized  to  increase  Reynolds  number  and  tunnel  speed,  The 
purpose  of  these  tests  was  to  establish  the  aerorlyi 
characteristics  cf  the  X-19  airplane  in  the  Mac!  >J  4.S  o  .  ' 
range,  corresponding  to  that  of  the  design  cruise  ;\.u"igu^r.- 
tion;  to  determine  propeller  performance  at  the  higher  Revnol’s 
number  and  Mach  number  and  their  contribution  to  the  stability 
characteristics  of  the  airplane;  to  ascertain  the  effects  of 
fixing  flow  transition;  and  to  evaluate  the  effects  of  adding 
tip  extensions  on  the  aft  wing. 

The  tests  thus  required  were  conducted  in  two  separate  series, 
as  recorded  in  detail  in  the  CAL  test  reports,  (61)  and  (62), 
the  first  being  run  in  October  1962  and  the  other  during  the 
month  of  February,  1963.  The  model  used  for  these  tests  was 
as  modified  (previously  described),  and  mounted  on  the  sting 
in  the  wind  tunnel,  but  not  as  in  Figure  220,  in  the  8  foot 
perforated-wall  test  section.  Angles  of  attack  were  obtained 
with  the  pitch  mechanism  of  the  vertical  strut  system  set  for 
the  model  at  0°  roll  angle  (for  ^  =  0°  constant). 

Variable  yaw  angles  (at  a f  =  0°  constant)  were  similarly 
obtained  by  rolling  the  model  -90°  from  the  position  shown 
in  Figure  220,  Model  rolling  attitude  was  accomplished 
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remotely  by  utilizing  the  W60-0500  roll  mechanism  described 
in  (61) . 

All  instrumentation  static  outputs  were  read  and  recorded  on 
the  CAL  autorat ic  digital  readout  equipment.  A  vast  amount 
of  force  and  moment  data,  reduced  to  coefficient  form,  as 
well  as  propeller  and  nacelle  data,  were  presented  in  (61), 
and  (62)  .  The  latter  data  were  presented  in  the  nature  of 
propeller  thrust,  speed  and  torque,  and  nacelle- normal  force, 
pitching  and  yawing  moments  in  both  wind  axis  and  body  axis 
systems.  Data  were  taken  with  propellers  on  and  propellers 
off  in  this  series. - 

The  overall  force  and  moment  data  resulting  from  these  CAL 
tests  have  been  resolved  to  a  wind  axis  system  having  its 
origin  at  a  reference  c.g.  and  plotted  against  angle  of 
attack,  Of, and  angle  of  yaw,  \f/  ,  for  the  required  range  of 
Mach  number  and  control  surface  settings  (at  constant 
advance  ratio,  J) . 

Control  surface  hinge  moment  coefficients  were  plotted  against 
a  £  or  if/  and  tabulated  relative  to  control  surface  setting 
angle.  Propeller  torque  and  power  data,  in  addition  to 
nacelle  data,  were  presented  tabulated  in  the  referenced  test 
reports;  however,  in  the  first  CAL  test  series  the  nacelle 
data  are  regarded  as  suspect  due  to  grounded  gauges  in  the 
system.  In  the  second  test  series,  information  was  also 
presented  for  zero  control  angles  and  zero  J  for  the  range  of 
Mach  numbers  tested.  In  addition,  the  effects  of  transition 
flow  fixing  were  determined  during  the  tests. 

Because  of  the  large  mass  of  data  obtained  and  plotted  in 
these  CAL  test  programs,  none  are  shown  here,  but  are  avail¬ 
able  in  (61)  and  (62).  Later  in  this  section,  comparisons  of 
data  taken  from  all  the  X-19  test  programs  will  be  made  which 
is  more  fruitful  than  any  presentation  hare  of  specific  test 
data  plots  from  the  Cornell  Test  series. 

(4)  NACAL  Tunnel  Tests 

Subsequent  tests  of  the  0.12  scale  X-19  configuration  model 
tandem  wing  VTOL  airplaie  were  conducted  in  the  North 
American  Aviation,  Inc.,  NACAL  16  by  14  ft.  low  speed  wind 
tunnel  located  at  Columbus,  Ohio.  These  tests  occurred 
between  the  Spring  of  1962  and  Fall  1965  m  three  separately 
identified  series,  known  as  NACAL  -93,  -120  and  -142.  The 
results  of  these  tests  were  the  last  SDecifically  X-19 
configuration  data  obtained  by  model  simulation  before  the 
VTOL  Division  terminated  this  program. 


The  definition  of  each  of  these  test  series  programs  is 
given  separately  hereafter,  and  in  a  later  paragraph  of  this 
section  a  comparison  is  made  of  the  various  test  programs. 

The  correlation  of  their  results  is  then  also  discussed. 

The  h'ACAL  wind  tunnel  programs  represent  the  largest  per¬ 
centage  of  X-19  model  test  data  available  and  were  in¬ 
strumental  in  predicting  the  full  scale  transition  flight 
characteristics  of  the  flight  test  X-19  vehicle. 

The  mounting  of  the  aircraft  model  in  the  16  by  14  ft.  wind 
tunnel  test  section  is  shown  in  Figure  220  for  NACAL  -93 
tests.  It  is  also  depicted  schematically  in  Figure  224  as  a 
typical  installation  for  all  three  NACAL  test  programs. 

One  other  test  program  in  the  NACAL  tunnel  was  conducted 
using  the  X-19  model.  This  test  program  is  known  as  NACAL - 
121  and  is  a  North  American  Aviation  Inc.  test  series  for 
which  the  Curtiss-Wr ight  Corporation  was  not  responsible  or 
billed.  It  involved  repeating  some  of  the  NACAL- 120  tests 
at  high  tilt  nacelle  angles  with  the  model  mounted  in  the 
smaller  7  by  10  foot  test  section  (see  Figure  224)  as  a 
means  of  comparing  the  results  for  tests  m  two  different¬ 
sized  test  sections  of  tne  same  tunnel.  No  report  was  issued 
to  Curtiss-Wright  for  this  test  series  but  some  information 
concerning  the  results  was  conveyed  to  CW  personnel  for 
reference  purposes  only.  No  discussion  of  these  daca  are 
included  in  this  report. 

(a)  In  the  first  of  these  tests  (NACAL-93)  conducted  during 
May  1962,  the  aerodynamic  characteristics  of  the  M  200 
powered  12%  scale  model  were  evaluated  through  the 
transition  flight  regime. 

The  data  obtained  covered  the  effects  of  thrust  result¬ 
ing  from  variation  of  propeller  blade  angle  and 
rotational  speed,  effects  of  forward  and  aft  propeller 
disk  incidence  and  flap  deflection  on  pitch  control  and 
trim.  Aileron  roll  control  effectiveness  data  were 
also  investigated  at  that  time .  The  test  results  for 
NACAL-93  are  presented  in  detail  in  (63). 

The  test  model  was  mounted  on  the  post  balance  end  a 
single  support  strut  as  shown  in  Figures  220  and  224,. 

The  HH-263  six  component  strain  gauge  balance  and 
integral  windshield  were  keyed  to  the  tip  of  the 
variable  hei6ht  strut  and  attached  to  the  model.  A 
large  under-fuselage  fairing  was  used  to  provide  a 
clean  aerodynamic  surface  In  the  area  of  the  strut  and 
balance..  This  fairing  covered  the  pressure  tubes, 
electrical  lines,  and  a  portion  of  the  linear  actuator. 
Beginning  with  Run  56  the  fuselage  fairing  and  pressure 
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NACAL-93  wind  tunnel  tests. 


lines  were  removed  to  improve  data  repeatability  and 
general  data  accuracy. 

Throughout  the  test  program  primary  six-component  data 
recording  accuracy  and  repeatability  was  adversely  af¬ 
fected  by  model  dynamics,  balance  flexibility  and  inter¬ 
ference  of  test  apparatus  leads  across  the  balance. 

The  stiffness  of  the  leads  was  found  to  be.  the  primary 
contribution  to  this  problem.  The  effect  was  largest  on 
the  drag  data.  The  effect  on  pitching  moment  data  error 
was  also  large.  Because  of  this  problem  the  data  from  a 
large  number  of  runs  had  to  be  eliminated  and  further  tests 
conducted.  The  effect  on  all  lateral-directional  compo¬ 
nents  was  considered  satisfactory. 

Model  propeller  force  and  moment  instrumentation  evidenced 
inadequate  sensitivity  for  accurate  metering  of  test  loads. 
Some  improvement  in  normal  force  was  obtained  in  later 
runs  of  this  series  by  replacing  the  initial  recording  in¬ 
strument  with  one  of  greater  dampening  capability.  Based 
on  the  poor  repeatability  of  several  check  calibrations  of 
this  instrumentation,  however,  it  was  concluded  that  the 
desired  accuracy  was  not  obtained. 

Longitudinal  test  results  showing  the  effect  of  pro¬ 
peller  and  propeller  speed  in  pitch  attitude  for  typical 
cruise  and  transition  conditions  £  :e  shown  in  Figures 
225  and  226  respectively,  at  appropriate  bla-e  angles 
and  flight  speeds. 

Other  data  are  presented  in  (63)  for  combinations  of 
variations  in  dynamic  pressure,  blade  angle,  nacelle 
tilt  angle,  aileron  deflection  and  flap  deflection. 
Comparable  directional  characteristics  test  data  are 
shown  in  Figures  227  and  228,  Additional  plots  of  the 
test  results  are  presented  in  (63). 

(b)  The  second  series  of  North  Americal  Columbus  Division 
wind  tunnel  tests  (NACAL  -  120)  were  conducted  in  April 
and  June  1964,  using  the  same  model  to  obtain  infor¬ 
mation  of  the  static  stability  of  the  X-19  aircraft 
during  translating  flight  at  high  propeller  tilt  angles, 
both  in  a:id  out  of  ground  effect.  The  tests  are  re¬ 
ported  in  their  entirety  in  (64)  . 

The  test  i  tallation  differed  somewhat  from  that  of  the 
last  series  discussed  in  the  preceding  paragraph. 

Figure  229  shows  how  the  balance  was  keyed  to  a  short 
sting  which  was  mounted  on  the  standard  N'ACAL  single 
support  strut  trunnion  block .  The  ground  board  was 
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Figure  225, 


NACAL-93  test  data  to  demonstrate  the  effect  of  propeller 
speed  in  pitch,  X-19  cruise  configuration. 
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Figure  226. 


NACAL-93  test  data  to  demonstrate  the  effect  of  propeller 
speed  in  pitch,  X-19  transition  configuration. 
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Figure  228. 


NACAL-93  test  data  to  demonstrate  the  effect  of  propeller  and 
propeller  speed  in  yaw,  X-19  transition  configuration. 
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Figure  229.  NACAL  low  speed  tunnel  X-19  model  installation  for  NACAL-120 
wind  tunnel  tests. 


installed  in  two  vertical  positions  to  provide  the  re¬ 
quired  ground  height  ratios,  h/D  =  1.0,  2.0  and  5.34 

As  in  the  previous  NACAL  lests,  beca  lse  direct  visici 
into  the  16  x  14  foot  test  section  from  the  control 
room  was  not  possible,  a  closed  circuit  TV  camera 
provided  constant  monitoring  of  the  model  condition 
during  testing.  In  this  series  of  tests  the  3155B 
internal  balance  was  provided  for  six-component  force 
and  moment  data  measurement. 

In  NACAL ,  all  tests  are  conducted  at  one  atmosphere 
pressure.  The  angle  of  attack  range  was  -4  to  +20  de¬ 
grees  and  the  angle  of  yaw  range  was  +75  to  +105  degrees. 

The  model  was  run  at  yaw  angles  of  75  to  105  degrees  to 
find  the  yaw  moments  for  the  case  where  the  airplane  is 
hovering  in  a  cross  wind.  During  these  tests  the  model 
aft  drive  motor  speeds  were  held  constant  throughout  the 
run,  as  was  the  tunnel  velocity.  The  flap  and  elevator 
settings  wete  also  constant  throughout  the  test t  the  fore 
and  aft  flaps  being  set  at  57°  and  the  elevators  at  -2°. 

For  all  runs  the  model  configuration  remained  the  same. 

The  denominator  of  a  data  coefficient  (based  on  free- 
stream  q)  for  the  11  knot  runs  was  very  small  compared 
with  the  load  being  non-dimensionalized .  Hence,  the  co¬ 
efficient  comparisons  in  soma  cases  were  not  realistic  be¬ 
cause  recording  accuracy  and  scatter  tended  to  be  greatly 
exaggerated. 

Considering  the  fact  that  at  11  knots  the  aircraft  is  es¬ 
sentially  in  a  hover  condition  it  was  decided  to  treat  this 
speed  case  as  hover  data  and  base  the  coefficients  on  total 
thrust  and  propeller  diameter.  Coefficients  for  other 
than  11  knot  data  were  non-dimensionalized  with  wing  area, 
chord  and  span  and  with  freestream  dynamic  pressure. 

Ac  T'Xiynamic  characteristics  data  were  obtained  for  a 
se  Les  of  tunnel  speeds  from  11  to  70  knots  at  three  high 
ra- e lie -incidence  angles  and  at  the  prescribed  ground- 
pla  ie  heights.  The  effect  of  the  ground-plane  presence  on 
longitudinal  characteristics  for  just  the  11  knots  case 
and  one  nacelle  incidence  is  shown  in  Figure  230.  The  ef¬ 
fect  of  nacelle  angle  on  lateral-directional  characteristics 
at  the  same  speed  and  for  the  highest  ground-plane  height  is 
shown'  'n  Figure  231.  For  all  other  plotted  data  see  (64). 

(c)  Finally  the  X-19  0.12  scale  powered  model  was  subjected 
to  further  tests  at  North  American  Aviation  Inc.'s 
Columbus  Division,  NACAL  low  speed  wind  tunnel  during 
the  months  of  October  and  November,  1965.  The  purpose 


422 


11  kt  s 


Sym 

— 

Run 

snb 

SNa 

0 

92 

32  5 

69.6 

A 

98 

90.0 

76.0 

PB  =  10.5  Vr  = 

#A  =  13.5  h/b  =  5.34 

Note:'  Coefficients  Based  on  ""otal  Thrust  and  Propeller  Diameter 


* 


Figure  231. 


NACAL-120  test  data  to  demonstrate  the 
on  lateral-directional  characteristics 


effect  of  nacelle  angle 
in  hover  of  the  X -  1 9 


mode  1 . 


-ai« 


424 


FUR  ISSUED  UNDE*  l  NIT  ED  STATES  GOVERNMENT  CONTRACT  So  AFJM6A1-  1*43  SHALL  SOT  BE  OTMEA  RELEASED  Of  7  SID*  THF  CO^  ttVMEVT  OR  SFD 
DUPLICATED,  or  disclosed  is  whole  or  in  part  f or  manufacture  OR  PROCUREMENT.  WITHOUT  the  WRITTEN  PERMISSION  /  CLRTISS-WRICW-  COR¬ 
PORA  TtON.  EXCEPT  FOR  «}  EMERGENCY  REPAIR  OR  OVERHAUL  WORK  BY  OR  FOR  THE  GOVERNMENT.  WHERE  THF  ITEM  OR  PROCESS  IS  NOT  OTHERWISE  R  F- 
SONARLY  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THF  WORK.  OR  Im'-RELEASE  TO  A  FOREIGN  GOV  ERNMEVT  AS  THE  IVTFR  FSTS  OF  *-  F  "VJ’FIl 
STATES  MAT  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  I  HE  RELEASE.  USE  DU  PLICATION  OR  DISCLOSE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOJFCO'Nr. 
LIMITATIONS.  THIS  LEGEND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART. 


of  these  tests  is  to  determine  the  optimum  propeller 
tilt  schedule  in  transition  from  vertical  to  horizontal 
flight.  The  effect  of  differential  nacelle  tilt  angle, 
direction  of  piopeller  rotation,  propeller  blade  angle, 
propeller  rotational  speed  and  propeller  downwash  were 
also  considered.  This  test  series  is  known  as  NACAL- 
1 42,  and  the  results  of  these  tests  were  published  as 
(65). 


The-  model  was  mounted  in  the  16  x  14  foot  V/ STOI  test 
section  on  an  internal  strain  gauge  balance  and  single 
strut  support,  in  a  manner  similar  to  that  shown  in 
Figure  229  for  NACAL-120,  except  minus  the  ground  board  , 
During  these  tests  the  model  ait  drive  motor  speed  and 
tunnel  velocity  were  held  conscart  throughout  a  run,  and 
the  model  attitude  was  varied.  The  angle  of  attack 
range  was  -llr  to  •+•20°  and  the  angle  of  yaw  range  was 
-  i5;  to  ^15; 

Data  arc  graphically  presented  in  (65)  in  more  than  200 
plots  describing  the  effects  of  nacelle  tilt  angle, 
propeller  rotation  direction,  flap  deflection,  aileron 
deflection,  differential  aileron  deflection,  flap  and 
aileron  deflection  taken  together,  propeller  rotational 
speed,  how  and  aft  propellers  at  various  propeller 
speeds,  aft  propeller  blade  angle  and  downwash  dis¬ 
tribution.  Tests  for  data  repeatability  were  also 
included . 


University  of  Maryland  Tests 

The  first  of  the  University  of  Maryland  scries  of  wind  tunnel 
tests  of  the  tandem  wing,  tilt  propeller  configuration 
similar  to  the  X-19  7T0L  aircraft  were  rested  in  the  7- '5  x 
11  foot  test  section  of  the  C-lc-nn  L*  Martin  Institute  of 
Technology  Low  Speed  Wind  Tunnel  during  late  February  and 
early  March  1963.  Its  purpose  was  to  ascertain  the  aero¬ 
dynamic  characteristics  of  the  X-19  type  aircraft  for 
varying  geometry. 


The  model  used  in  these  tests  was  a  generalized  model  con¬ 
structed  in  such  a  manner  that  numerous  configurations  and 
variables  could  be  evaluated  by  changing  individual  compon¬ 
ents  such  as  nacelles,  sponsons,  inlet  systems,  and  nose 
sections.  There  were  three  nose  sections,  two  types  of 
nacelles,  four  inlet  and  dorsal  configurations  and  two  types 
of  sponsons.  These  components  were  constructed  of  wood  ind 
could  be  fastened  to  the  basic  fuselage  section  which  was 
also  made  of  wood.  Numerous  wing  combinations  were  available 
for  the  tandem  wing  configuration.  Basic  front  and  rear 
wings  of  constant  chord  were  constructed  of  metal. 


Constant  chord  extensions,  also  of  metal,  .ould  be  attached 
to  the  outboard  ends  of  the  basic  wings  to  change  the  span 
and  area.  The  basic  fuselage  wa  ;  constructed  with  removable 
filler  blocks  so  that  the  front  and  rear  wings  could  be 
mounted  in  any  of  a  number  of  locations-.  The  model  was 
mounted  on  a  three-support  system  through  a  bayonet-dowel 
attachment  in  the  side  of  the  fuselage.. 

A  large  metal  wing  and  a  small  metal  stub  v.ung  were  attached 
to  the  basic  fuselage  during  one  portion  of  this  test 
program  to  form  the  "horned  Toad"  configuration,  discussed 
separately  in  a  later  paragraph 

For  most  runs  the  tests  were  conducted  at  a  dynamic'  pressure 
so  as  to  represent  150  MPH  indicated  airspeed.  Additional 
tests  were  also  made  to  simulate  100  and  200  MPH  tunnel 
indicated  speeds  on  the  tandem  wing  model  tc  determine 
Reynolds  number  effects. 

Six  component  force  and  moment  data  were  recorded  on  all 
runs  and  reduced  to  dimensionless  coefficient  form.  The 
span  of  the  rear  wing,  which  was  always  larger  than  the 
front  wing,  was  used  as  the  reference.  The  reference  wing 
area  depended  on  the  combination  of  front  and  rear  wings 
used  for  a  given  configuration.  The  results  of  these  tests 
are  documented  in  (66) . 

A  second  series  of  tests  in  the  University  of  Maryland  low 
speed  wind  tunnel  were  conducted  during  early  June  1964, 
using  the  same  model  as  in  the  preceding  paragraph.  The 
main  objectives  of  this  test  series  were  to  obtain  the 
stability  and  control  characteristics  of  various  vertical 
and  ventral  fins,  to  determine  aileron  effectiveness,  and 
to  acquire  the  aerodynamic  characteristics  of  two  twisted 
rear  wings . 

The  model  described  in  (66)  was  modified  to  substitute 
a  new  vertical  fin  and  ventral  fins,  to  add  ailerons  to  the 
basic  rear  wing,  and  to  provide  two  new  twisted  wings  to 
accomplish  the  specified  objective  of  this  test  program. 

In  addition,  pressure  orifices  were  installed  in  the  rear 
of  the  fuselage  ir.  the  vicinity  of  the  rear  wing. 

Six  component  force  and  moment  data,  obtained  from  the 
tunnel  balance  system,  were  recorded  during  the  test  runs < 
Pressure  data  were  recorded  for  the  side  ventral  config¬ 
uration  and  during  the  aileron  effectiveness  runs.  Aero¬ 
dynamic  loads  on  the  portion  of  the  pressure  tubing  exposed 
to  the  air  stream  were  transmitted  to  the  balances  and 
included  in  the  model  force  and  moment  data.  Runs  were 
made  using  a  fluorescent  oil  technique  to  studv  the  flow 
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around  Lie  aft  portion  of  the  fuselage,  and  one  run  was 
made  to  i nv.’Stigate  the  flow  from  the  engine  exhausts.. 

In  addition  to  the  twisted  wings,  various  front  and  rear 
wing  anhedral  combinations  were  tested  as  well.  The  r‘'.->..  i > 
,-i  ..11  the  test  runs  appear  in  (67).. 

I  he  University  of  Maryland  program  for  testing  three-blade 
VIOL  scale  model  propellers  is  discussed  in  a  Inner  section. 

Othei  applicable  Test  Programs 


Under  a  separate  contract  with  the  U .  S.  Navy  Bureau  of  Naval 
Weapons,,  an  investigation  of  the  over-water  aspects  of  VTOL  air¬ 
planes  at  high  disk  loading  was  conducted  at  the  Curtiss-Wright 
Corporation  VIOI.  Systems  Division  during  September  and  October, 
1963.  Both  the  X-100  and  the  X-19  configurations  were  tested  in 
this  program  to  investigate  the  disturbance  and  spray  caused  by 
high  disk  loading  aircraft  hovering  above  water,  and  to  determine 
dovnvasb  effects  on  objects  floating  below  the  X-19  model. 

In  these  tests  the  157  scale  X-100  and  the  0.12  scale  X-19  powered 
wind  tunnel  models  were  utilized  to  obtain  the  results..  However, 
the  X-19  propellers  were  fitted  to  the  X-100  in  these  tests  since 
the  disk  loading  as  a  function  of  RPM  of  these  propellers  had  been 
previously  calibrated :.  A  photograph  of  the  test  apparatus,  in¬ 
cluding  the  specially  built  30  by  15  by  3  foot  deep  water  tank,  is 
included  herein  as  Figure  232  showing  the  X-19  model  in  test 
position . 

Excellent  agreement  was  achieved  between  the  full-scale  results 
of  the  X-100  VTOL  research  aircraft  tests  over  water  and  the 
spray  height  predicted  from  model  test  for  this  aircraft.  This 
confirmed  that  model  tests  can  be  used  to  predict  the  spray 
characteristics  for  hovering  aircraft.  Results  indicate  a 
relationship  between  disk  loading  and  spray  height,  and  also 
indicate  the  minimum  heights  for  hovering  above  floating  objects 
without  causing  them  to  capsize. 

Approximately  a  year  later,  in  October  and  November  1964,  a  study 
of  ground  proximity  effects  on  and  from  a  hovering  four-propeller 
tandem-wing  VTOL  aircraft  was  conducted  at  the  Curtiss-Wright 
VTOL  Systems  Test  Facility.  In  these  tests  the  127  scale  powered 
X-19  me  del  was  again  employed  to  investigate  both  the  effect  of 
ground  proximity  on  the  overall  characteristics  of  a  VTOL  air¬ 
craft  and  the  erfect  of  the  downwash  from  the  aircraft  on  the 
ground  .: 

The  propeller  blade  angles  and  power  input  during  the  tests  were 
adjusted  to  represent  a  range  of  disk  loadings  and  a  range  of 
fore  and  aft  power  splits  (i.e.,  c.g.  locations). 
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Figure  232.  Curtiss -Wright  test  facility  for  the  investigation  of  ove^-water 
aspects  of  high  disk  loading  VTOL  airplane. 


Overall  forces  and  moments,  auxiliary  forces  and  moments  and 
ground  board  surface  measurements  were  taken  over  a  range  of 
ground  clearances  from  contact  to  clear  of  ground  effect,  for  a 
range  of  pitch  and  roll  attitudes. 

All  information  obtained  was  reduced  to  coefficient  form  in  terms 
of  mean  propeller  disk  loading  and  the  usual  reference  areas  and 
lengths.  Pressure  data  recorded  as  surf  ze  pressure  coefficients 
on  both  the  model  undersurface  and  on  the  ground  hoard  were  also 
included  in  the  information  taken  during  these  tests. 

From  the  data  taken,  it  was  concluded  that  normal  force  coeffic¬ 
ient  is  sensitive  to  ground  clearance  and  nacelle  tilt  angle  but 
not  to  attitude,  disk  loading  or  c.g.  location.  Cn  the  other 
hand  pitching  moment  coefficient  is  sensitive  to  ground  clearance, 
nacelle  tilt,  attitude  and  power  split,  but  not  significantly  so 
to  disk  loading.  However,  the  side  force,  yawing  moment  and 
rolling  moment  coefficients  were  affected  in  varying  degrees  by 
ground  clearance,  roll  angle  and  power  split.  All  of  the 
auxiliary  measurements  of  thrust  and  nacelle  torque  were  affected 
by  ground  clearance  negligibly  or  not  at  all., 

A  test  program  was  performed  full-scale  with  the  X-100  VTOL  test¬ 
bed  aircraft  in  the  40  by  80  foot  wind  tunnel  at  the  NASA  Ames 
Research  Center,  Moffett  Field,  California,  during  March  and  April 

1963.  The  tests  were  performed  in  order  to  obtain  propeller 

aerodynamic  performance  data  and  propeller  blade  lor.,  distribution 
data.  Since  the  allowed  wind  tunnel  time  was  reduced  to  just  one 

week,  not  all  of  the  test  objectives  were  met..  However,  by 

establishing  a  test  program  priority  schedule,  the  prime  object¬ 
ives  were  completed  so  that  most  of  the  desired  data  were 
obtained..  Total  aircraft  running  time  in  the  tunnel  was  12.27 
hours  ., 

Prior  to  the  tunnel  test,  the  aircraft  and  instrumentation  were 
satisfactorily  ground  checked  and  then  installed  on  an  outdoor 
static  test  stand  at  Ames,  in  order  to  obtain  force  and  moment 
data  with  the  aircraft  in  the  hover  condition  at  zero  q  or  wind 
velocity.  Load  cells  were  used  at  the  three  mount  points  to 
measure  lift,  drag  and  pitching  moment.  The  propeller  gimbal 
angle  was  90c,  flaps  zero,  fuselage  level,  engine  power  was  varied 
from  707  to  military  power,  and  propeller  tip  speed  was  varied 

from  650  to  500  fps . 

Installation  of  the  aircraft  in  the  wind  tunnel  was  accomplished 
as  shown  in  Figure  233.  Aircraft  and  instrumentation  electrical 
conduits  were  run  down  the  landing  gear,  through  the  tunnel  struts, 
under  the  tunnel  floor  and  then  connected  to  the  control  console 
and  recording  instruments  in  the  control  room.  Besides  the 
recording  of  wind  tunnel  balance  data,  propeller  thrust,  normal 
force,  pitching  moment,  yawing  moment,  power  absorbed  and  blade 
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Figure  233.  Installation  of  the  X-100  research  aircraft  on  the  NASA  40  x  80 
wind  tunnel  mounts  at  Ames  Research  Center. 


156-214 


430 


load  distribution  data  were  recorded.  The  data  were  taken  at 
various  power  settings  ranging  from  704  to  military  and  at 

propeller  tip  speeds  ranging  from  500  to  600  fps.  Wind  tunnel 
speed  throughout  the  test  varied  from  q  =  0  to  q  =  37  psf.  At  q  = 
0  the  wind  tunnel  overhead  doors  were  opened  for  the  test.,  Props- 
off  data  were  obtained  at  gimbal  angles  from  3°  to  90°  and  air¬ 
craft  .angle  of  attick  from  -  12°  to  16°.  Wing  flaps  were  also 
deflected  down  in  increments  to  45°.  See  (72). 

The  evaluation  of  the  results  of  this  test  program,  as  pertains  to 
the  evaluation  of  propeller  aerodynamic  performance  is  presented 
in  a  later  paragraph . 

3.  TESTS  IN  SUPPORT  OF  ADVANCED  TANDEM  WING  CONCEPTS 

Considerable  test  data  have  been  published  on  the  various  types  of  VT0L 
aircraft  systems,  but  the  tandem-wing  tilt-propeller  variety  has  been 
investigated  in  depth  only  by  Curtiss-Wr ight  Corporation's  VTOL  Systems 
Division.  The  tilt  propeller  concept  had  been  first  tested  using  its 
singlc-short-span-wing  vehicle,  the  X-100,  before  going  on  to  the  tandem¬ 
wing  four-tilt  propeller  X-200  and  its  derivative  test  vehicle,  the  X-19 
VTOL  Airplane.  However  other  aircraft  manufacturers  have  devised  and 
tested  low  disk  loading  tilting  rotor  test  aircraft  in  the  past,  but  always 
with  only  two  rotors  and  a  single  cruise-lift  wing.-  The  only  other  VTOL 
aircraft  to  reach  test  status  with  tandem  wings  (of  sorts)  is  a  four-tilt- 
duct  type  wnose  forward  "wing"  is  in  reality  more  of  a  pylon  for  the  duct 
than  a  lift  producing  wing.  Thus,  as  a  VTOL  aircraft  configuration, 
Curtiss-Wr ight ' s  tandem  wing  X-19  test  vehicle  is  somewhat  an  aerodynamic 
phenomenon  not  found  elsewhere  in  this  technology.  In  this  context,  then, 
germain  wind  tunnel  tests  of  the  tandem  wfing  VIOL  concept  are  only  those 
enumerated  in  this  report. 

Only  one  test  program  was  conducted,  subsequent  to  the  X-19  series  tests 
listed  in  the  previous  paragraph,  -'n  which  the  tandem-wing  tilt-propeller 
VTOL  concept  was  the  dominating  theme.  This  was  in  the  NACAL-126  tests 
of  the  CW  Model  90  AAFSS  competition  aircraft.  The  specialized  require¬ 
ments  of  this  C.  S.  Arnv  specified  aircraft  compelled  drastic  rearrange¬ 
ment  of  the  interior  and  nose  sections,  a  different  crew  seating  con¬ 
figuration,  the  addition  of  weapons  packages  at  strategic  external  lo¬ 
cations,  and  a  twin-vertical-tail  arrangement  ir.  place  of  the  X-19's 
single  central  vercical  control  surface.  Various  mechanical  changes  were 
also  necessary  in  defining  that  configuration,  but  all  the  essential 
elements  of  the  X-19  concept  were  retained  in  that  proposed  aircraft.  An 
entirely  new  0.10  scale  po’  ereo  model  was  built  and  tested  in  October  of 
1964. 

The  purpose  of  this  cost  program  was  to  determine  the  trimmed  lift  and 
drag  coefficients  and  the  static  stability  characteristics  in  the  cruise 
configuration.  These  tests  wore  conducted  in  the  7  x  10  foot  test  section 
of  the  NACAL  subsonic  wind  tunnel  for  pitch  angles  ranging  from  -8C  to 
+20°  and  yaw  angles  ranging  from  -  12  to  +  12  degrees.  Trim  points  were 
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obtained  from  flap  effectiveness  studies  performed  m  five  increments  from 
0  to  +  60  degrees.  All  runs  were  made  with  a  transition  strip  applied  to 
the  bow  wing  upper  surface.  The  resultant  data  are  recorded  and  plotted 
in  (68). 

During  the  time  period  of  the  development  of  the  X-19  configuration  of 
the  tandem-wing  tilt-propeller  .aircraft ,  one  other  configuration  was 
tested  at  the  University  of  Maryland  in  February  and  March  196'* ,  the 
"Horned  Toad"  configuration.  This  concept  diffe-eci  from  the  X-19  type 
VTOL  primarily  in  its  conventional  single  wing  for  normal  cruise  rather 
than  the  tandem  arrangement  discussed  heretofore.  Its  four  tilting 
prope.'lers  were  disposed  at  the  extremeties  of  the  horizontal  tail  in  the 
rear  and  a  stub  w'ing  at  the  nose,  retaining  the  essentials  of  the  X-19's 
vertical  flight  thrusting  vector  dispersion  about  the  aircraft  c.g. 

Further  information  and  data  on  this  test  program  may  be  found  in  (66)  . 

4.  TRANSITION  WIND  TUNNEL  WALL  CORRECTIONS 

All  wind  tunnel  testing  data  taken,  described  in  the  preceding  sub-para- 
graphs  for  X-19  model  testing  m  the  several  commercial  wind  tunnel  test 
Facilities  used,  necessarily  bears  the  imprint  of  the  test  circumstances 
under  which  they  were  obtained.  The  size  of  the  model  in  the  tunnel, 
size  of  test  section  in  the  tunnel,  the  type  of  mounting  utilized  for 
holding  and  adjusting  aircraft  attitude,  and  the  nature  of  the  wall 
effect  on  the  model  parameters  recorded,  as  well  as  the  reading  accura¬ 
cies  of  the  instrumentation  systems  affect  the  results  obtained.  Since 
the  mcdel  was  essentially  the  same  throughout  the  test  programs  at  the 
various  tunnels,  an  oppoitunity  is  presented  here  for  showing  how  the 
test  data  compare. 

The  matter  of  wind  tunnel  corrections  applied  to  the  data  are  as  reported 
in  (60)  through  (69).  In  those  documents  it  can  be  seen  that  the  MIT  and 
Cornell  tunnel  corrections  were  essentially  negligible,  and  those  of  the 
NACAL  and  University  of  Maryland  were  manageable  and  reasonable  as 
represented  in  the  appropriate  test  reports. 

The  greater  tunnel  effects  Ise  in  the  fact  that  the  same  0.12  scale 
stability  model  of  the  X-19  VTOL  test  aircraft  configuration  was  used  in 
all  the  tunnels,  but  the  data  are  not  always  compatable  with  one  another. 
All  the  test  programs  nave  the  common  parameter  of  being  subject  to  the 
accuracies  of  the  respective  six  component  balance  systems  recording 
extremely  low  loads  due  to  tr.e  low  speeds  of  transition  flight  tested. 
Therefore  the  relative  comparisons  within  the  results  are  more  accurate 
than  absolute  values  which  are  subject  to  scale  and  other  effects.  In 
each  test  program  also,  testing  problems  were  encountered  which  rendered 
some  of  the  data  either  useless  or  at  best  suspect.  Likewise,  the  test 
parameters  and  conditions  set  for  each  test  program  were  not  necessarily 
the  same,  making  precise  comparisons  of  results  from  the  various  tunnels 
and  tests  more  difficult.  An  attempt  to  make  such  fruitful  comparison 
was  made  in  (70),  which  applies  only  to  the  tests  through  the  NACAL-93 
series.  There  the  NACAL  results  have  been  compared  with  the  previous 
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MI'l  and  Cornell  tests  to  determine  the  corrections  required  to  accurately 
interpret  the  NACAL  data.-  Figures  234  through  239  are  taken  from  said  Ref¬ 
erence  and  show  the  six  component  data  of  the  X-19  stability  model,  props 
of i,  as  recorded  at  the  MIT,  Cornell  and  NACAL  (-93)  tunnels. 

In  essence  these  are  the  findings  in  this  comparison  of  the  test  results: 
lne  lilt  curve  slopes  of  the  MIT  and  Cornell  tests  are  about  the  same., 
Reynolds  Number  is  a  weak  parameter  in  this  respect.  The  considerably 
reduced  slope  in  the  NACAL-93  low  gimbal  angle  data  is  attributed,  there¬ 
fore,  to  interference  between  the  post  suspension  and  the  rear  wing.  The 
standard  tare  and  interference  corrections  have  not  been  applied  to  the 
NACAL-93  results  since  it  was  impossible  to  mount  the  model  in  an  inverted 
position..  These  corrections  if  known  would  produce  a  better  agreement 
amoung  die  CAL,  MIT,  ^nd  NACAL  lift,  drag  and  pitching  moment  data. 

The  yaw  data  from  the  NACAL-93  tests  compare  favorably  with  the  Cornell 
results,  while  the  MIT  data  differs  slightly  due  to  the  interferences  in 
its  support  system.;  The  MIT  model  is  mounted  on  bayonets  attached  to 
the  side  of  the  fuselage;  therefore,  the  side  force  data  is  more  greatly 
affected.  The  pressure  distribution  data,  though  limited  in  scope, 
verified  the  belief  that  the  rear  wing  was  not  generating  sufficient  lift 
in  the  NACAL-93  tests. 

A  subsequent  comparative  study  was  undertaken  late  in  1965  to  correlate 
all  existing  transition  tunnel  tests  on  the  X-19.  Correlation  of  all 
tunnel  tests  simultaneously  was  begun.  It  was  aimed  at  a  general  aero¬ 
dynamic  analysis,  with  performance,  stability,  control  and  loads  un¬ 
influenced  by  the  previous  analyses.  From  the  results  achieved  at  the 
time  of  program  stoppage  it  was  apparent  that  the  approach  used  for  the 
analysis  was  correct  and  would  have  provided  aerodynamic  data  suitable 
for  general  use. 

5.  CORRECTIONS  OF  MODEL  PROPELLERS  TO  FULL  SCALE  RESULTS 

In  the  course  of  the  development  of  the  X-100  aircraft,  a  considerable 
amount  of  aerodynamic  testing  was  done.  This  testing  included  power  model 
wind  tunnel  testing,  and  full  scale  propeller  testing.  The  actual  propel¬ 
lers  of  the  X-100  aircraft  were  tested  in  the  NASA  Ames  Research  Center  40 
x  80  foot  wind  tunnel  for  the  complete  range  of  power,  tilt  angle,  RPM  and 
speed  that  was  expected  on  the  X-100  aircraft  (72).  The  aerodynamic  and 
structural  data  were  than  used  as  a  basis  for  calculating  the  performance, 
stability  and  control  of  the  X-100  aircraft.  These  data  were  later  shown 
to  be  in  agreement  with  actual  flight  test  results. 

The  MIT  Wright  Brothers  Wind  Tunnel  7.5  x  100  foot  test  section  was  used 
to  test  a  0.15  scale  powered  model  of  the  X-100  at  speeds  up  to  100  MPH 
over  a  complete  range  of  gimbal  angles,  control  deflections,  power 
settings,  angle  of  attack,  and  yaw  angles.-  The  tests  were  run  to  obtain 
performance  information  and  stability  derivatives.  The  results  are  re¬ 
ported  in  (73),  including  the  test  findings  of  the  undesirable  flow  con¬ 
ditions  at  the  "T"  tail. 
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Figure  238.  Comparison  of  similar  tost  configurations  of  the  0 
X-19  model  in  three  different  wind  tunnels  -  Cn  vs 
power  off. 


(Props  Off) 


Figure  239.  Comparison  of  similar  test  configurations  of  the  0.12  scale 

X-19  model  in  three  different  wind  tunnels  -  C  vs ^ power  off 


The  full-scale  X-100  type  propellers  were  tested  in  the  NASA  Ames 
Research  Center  40  x  80  foot  wind  tunnel  over  a  speed  range  of  0  to  150 
MPH  for  the  full  range  of  gimbal  angle  to  obtain  propeller  blade  load 
distribution  data  and  propeller  performance  data.  The  results  of  these 
tests  are  reported  in  (71)  and  (72).  They  are  comparable  with  other  NASA 
full  scale  propeller  data  operating  at  similar  test  conditions  reported 
in  (74)  and  (75). 

Because  of  the  importance  in  obtaining  predicted  take-off  performance, 
the  15%  scale  propellers  were  run  at  the  static  condition  outside  the  wind 
tunnel.  The  results  of  these  tests  were  15  to  20  percent  lower  than 
predicted  full  scale  values,  as  shown  in  Figure  240,  but  close  to  the 
performance  expected  when  the  effects  of  Reynolds  number  were  considered. 
This  is  further  borne  out  by  the  results  of  other  tests  and  comparisons 
shown  in  Figures  241  and  242. 
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Figure  24C .  Comparison  of  calculated  and  test  data  of  X-100  propeller 

blade  angle  and  thrust  coefficient  versus  power  coefficient 
at  static  condition. 
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Full  Scale  Airplane  Test  CWPD 


X-100  Model  on  Balance 

(Coi responds  to  Airplane  Test) 


-  X-100  Model  off  Balance  (Gives 

Prop  Data  with  Ground  and 
Airplane  Interference) 


X-100  Model  Prop  Data  with 
Ground  Plane  at  16.5° 


X-100  Full  Scale  Ames  Test 


X-100  Model  Prop  Data  Ground 


Plane  =  0s,  Sept  1960 
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Figure  2*1.  Comparison  of  X-100  full  scale  and  model  propeller  data  in 
terms  of  Cy  and  Cp. 
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SECTION  X 


STRUCTURAL  LOADS 

1.  INTRODUCTION 

The  entire  loads  analysis  of  the  X-19  has  been  broken  into  three  parts: 

1.  hover,  2.  transition,  and  3.  cruise.  In  the  hover  and  transition 
regime  there  is  no  specification  upon  which  a  set  of  aerodynamic  loads  can 
be  based.  However,  (76)  was  used  in  determining  gust  loadings,  in  which 
horizontal  or  vertical  gusts  of  30  fps  intensity  must  be  withstood.  A 
maneuvering  load  factor  envelope  in  the  hover-transition  regime  has  not 
been  drawn  because  of  the  inability  to  develop  load  factors  greater  than 
1.0  without  excessive  power  excursions.  This  requires  the  pilot  to  fly 
near-steady  maneuvers  during  transition.  These  are  limited  to  equilibrium, 
steady  climbs  or  descents,  and  moderate  accelerations.  Therefore,  the 
loads  for  steady  flight,  gusts,  loadings  due  to  stick  excursions,  and  an¬ 
gular  accelerations  have  been  determined. 

Loads  in  the  cruise  regime  (propellers  fully  tilted  down)  are  determined 
in  the  conventional  manner.;  Both  the  gust  and  maneuver  envelopes  are  pre¬ 
pared  for  the  design  weight  of  13,660  pounds.;  Limit  load  factors,  n,  are 
+  2 .; 7  and  -1.  ,vn  approximate,  but  conservative,  theory  accounts  for  front 
and  rear  wing  twist  as  a  function  of  wings,  nacelles  and  propeller  loads, 
The  guiding  specification  is  the  Civil  Air  Regulations  Part  4,  (77),  where 
applicable.  Vertical  tail  loads  were  generated  using  (78)  as  a  guide. 

This  was  necessitated  by  the  rudder  limitation  (due  to  large  yaw-roll 
coupling)  and  the  added  definition  given  in  (78). 

The  cruise  loads  will  be  discussed  first,  as  they  represent  the  least  de¬ 
parture  from  conventional  methods.  Following  these,  the  hover  loads  will 
be  discussed  pointing  out  the  pecularities  of  this  regime.:  Lastly,  the 
transition  regime  will  be  discussed,  this  being  the  most  difficult  and 
least  defined  region  of  flight.  Specific  aerodynamic  loads  will  not  be 
given,  as  this  definition  has  been  provided  in  (74),, 

2.  CRUISE  LOADS 

a.  General 

a  brief  description  of  the  basic  force  distribution  data  defining 
the  aircraft  is  given,  a  more  detailed  discussion  is  given  in 
(79). 

b.  Propeller-off  distributions. 

For  convenience  in  the  analysis  of  the  power-off  (propellers  off) 
data,  it  was  assumed  that  the  total  lift  on  the  aircraft  was  made 
up  of  fuselage  lift,  front  wing  lift  and  rear  wing  lift.  These 
lifts  are  defined  as  follows: 
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(a)  Fuselage  lift  =  Fuselage  lift  without  wings  preser.*-  but  with 
vertical  tail 

(b)  Front  wing  lift  =  Wing  lift  plus  nacelle  lift  and  including 
fuselage  and  rear  wing  interferences  (i.e.  tip-to-tip) 

(c)  Rear  wing  lift  =  Wing  lift  plus  nacelle  lift  and  including 
fuselage  and  front  wing  interferences  (i.e.  tip-to-tip) 


Using  this  breakdown  and  the  data  given  in  (80)  through  (84),  an 
analysis  was  made  which  enabled  the  values  of 
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to  be  obtained  for  each  of  the  above  generating  surfaces. 

Figures  243  through  251  describe  both  the  lift  and  the  moment  dis¬ 
tributions  so  obtained.  These  curves  are  based  on  the  wind  tunnel 
data  of  a  127,  model. 

c.  Effects  of  Power 

The  propellers  contribute  a  CT  and  C  in  the  longitudinal  plane  ar.d 

L  m 

a  C  and  C  in  the  lateral  plane.  The  former  contributions  are 

y  s 

given  in  Figures  252  and  253  and  the  latter  in  Figures  254  and  255. 
The  slipstream  effects  upon  the  wing  aerodynamic  forces  and  moments 
have  been  found  to  be  negligible  at  the  cruise  values  of  Jq.  Tun¬ 
nel  tests,  (81)  and  (85),  indicate  that  a  delayed  stall  is  present 
on  that  portion  of  the  wing  covered  by  the  propeller  wash.  This 
added  lift  is  apparent  at  fffus  >10°  and  is  found  to  exist  on  the 
front  wing  only.  It  is  believed  that  the  low  Reynolds  Number  re¬ 
sults  in  a  laminar  stall  (low  ®fus)  which  is  eliminated  when  the 
propeller  energizes  the  flow,  thereby  delaying  the  stall  angle. 
Consequently,  the  added  lift  due  to  propeller  wash  is  considered 
realistic  in  the  full  scale  and  has  been  used  in  subsequent 
analyses . 


d.  Effects  .of  Mach  Number 

Compressibility  effects  on  lift  and  moment  coefficients  have  been 
assumed  zero,  although  later  tunnel  tests  show  that  an  effect  is 
present  on  the  overall  moment  at  higher  angles  of  attack. 


448 


I 


67-2242  450 
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DUPLICATED.  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  TOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURT’SS-  WRIGHT  ro®. 

po ration,  except  for  id  emergency  repair  or  overhaul  work  by  or  for  the  government  where  the  item  or  process  is  not  othfrwis»  j  t . 

SOHABLY  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WOKE  OR  <UJ  RELEASE  TO  A  FOREIGN  GOVERNMENT.  AS  THE  INTERESTS  Of  THF  S'  f 
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Figure  244 .  X-19,  exposed  front  wing  lift  coefficient;  S  ,  =  154.6  square 

f r  g  r 
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FURNISHED  UNDER  UNITED  STATES  GOVERNMFNT  CON.  RACT  No  AFM(6IS>. J9«0.  SHALL  NOT  BE  EITHER  RELEASED  OUTSIDE  THE  GOVERNMENT  OR  USEO 
DUPLICATED.  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURTISS- WRIGHT  COR- 
PO RATION.  EXCEPT  FOR  (i)  EMERGENCY  REPAIR  OR  OVERHAUL  WORK  BY  OR  FOR  THE  GOVERNMENT,  WHERF  THE  ITEM  OR  PROCESS  IS  NOT  OTHERWISE  REA¬ 
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STATES  MAY  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE,  USE,  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  Br  .OBJECT  TO  THI  FOREGOING 
LIMITATIONS  THIS  LEGEND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART." 
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ruRMJHED  UNDER  UNITED  STATFS  GOVERNMENT  CONTRACT  Nv.  AF)  JIMil-IWO  SHALL  MOT  BE  EITHER  RELEASED  OUTSIDE  THE  COV  ERNMENT  OR  USED. 
DU  PLICATED  OR  DISCLOSED  IN  WHOLE  OR  IH  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURTISS- WRIGHT  COR¬ 
PORATION  EXCEPT  FOR  ill  EMERGENCY  RIPAJR  OR  OVERHAUL  WORK  BT  OR  TOR  THE  GOVERNMENT.  WHERE  THE  ITEM  OR  PROCESS  IS  NOT  OTHERWISE  RE- 
SONABLT  AVAILABLE  TO  ENABLE  T  MELT  PERFORMANCE  OF  THE  WORK.  OR  111)  RELEASE  TO  A  FOREIGN  GOVERNMENT.  AS  THE  INTERESTS  OF  THE  UNITED 
STATES  MAT  REQUIRE.  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE.  USE  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOREGOING 
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Figure  247.  X-19,  lift  coefficient  of  complete  airplane  -  propellers  off; 

S  ,  =■  154.6  square  feet, 
ref 
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"FURNISHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  AFJl(6lM- 1940  SHALL  W)T  BE  EITHER  RELEASED  OUTSIDE  THE  GOVERNMENT.  OR  USED. 
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LIMITATIONS  THIS  LEGEND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLT  OR  IN  PART.  " 


Figure  248.  X-19,  pitching  moment  coefficient  of  fuselage  alone  about 

the  42.9-'  c.g.';  S  r  =  154.6  squre  feet,  c"  =  2.875  feet, 
ref 
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SONABLT  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  Or  THE  WORK.  OR  (U)  RELEASE  TO  A  FOREIGN  GOVERNMENT  AS  THE  INTERESTS  OF  THF  UNITFD 
STATES  MAY  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE.  USE.  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOREGOING 
LIMITATIONS  THIS  LEGEND  SHALL  BE  MARKED  ON  ANT  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART," 


cr  -  degrees 
fus 


Figure  249.  X-19,  exposed  front  and  rear  win,,  pitching  moments  about 

respective  quarter  chords;'  S  =  154.6  square  feet,  c  = 
2.875  feet.  rel 
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STATES  MAY  REQUIRF  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE.  USE.  DUP^r^TION  OF  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOREGOING 
LIMITATIONS  THIS  LEGEND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART.  ' 
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1.0 


Figure  251. 


X-19, 
c.g. , 


pitching  moment 
propellers  off; 


of  complete  airplane  about  the  42.97. 

S  ^  =  154.6  square  feet,  c  =  2.875  feet. 
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FURNISHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  ATI Iftlt)-  WO  SHALL  MOT  Bt  EI7HFR  RELEASED  OUTSIDE  THE  GOVERNMENT.  OR  USED. 
DUPLICATED,  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURTISS- WRICMT  COR¬ 
PORATION.  EXCEPT  FOR  U>  EMERGENCE  REPAIR  OR  OVERHAUL  WORK  SY  OR  FOR  THE  GOVERNMENT,  WHERE  THE  ITEM  OR  PROCESS  IS  NOT  01  HER  WISE  RF-. 
SONA8LY  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WORK  OR  Hi!  RELEASE  TO  A  FOREIGN  GOVERNMENT.  AS  THE  INTERESTS  OF  THF  UNITED 
STATES  MAY  REQUIRE  PROVIDED  THAT  tN  EITHER  CASE  THE  RELEASE.  USE.  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  FOREGOING 
LIMITATIONS  THIS  LEGEND  SHALL  BF  ARKED  ON  ANY  RF. PRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART  " 


o 

CM 


in 

o 

un 

o 

m 

o 

in 

o 

in 

o 

CM 

CM 

.  i 

o 

O 

f-H 

f-H 

CM 

• 

• 

• 

• 

• 

« 

• 

• 

• 

c 

o 

O 

o 

o 

o 

o 

o 

o 

v 

(saanadoaj  z )  D 


CO 


vT 


O 


00 


w 

o 

o 

u 

oc 

o 

TJ 


b 


3 

U-j 


II 


u-< 

QJ 

V-< 

</) 


J-i 

<3 

Q) 

U 

■TO 

c 

C3 


C 

o 

u 

U-. 


M 

AJ 

C 

G 


u 


J~  o 

Z) 


G  L. 
fL  <S 
O  3 
^  cr 
ci-  w 

-  vO 
CP  • 
-h  <r 
i  m 
X  — 


CM 

m 

CM 

O 

J-4 

3 

OG 

u. 


67-MJO 


458 


under  VKI-KO  -T.TU«VtKS«m  CONTRACT  Hi  *r»(HV-l«0  SHALL  MOT  BE  EITHER  RELEASED  OUTSIDE  THE  GOVERNMENT  OR  USED. 
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FURNISHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  AFD(tl*)-)*40  SHALL  NDT  BE  EITHER  RELEASED  OUTSIDE  THE  GOVERNMENT.  OR  USED, 
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LIMITATIONS  THIS  LEGFND  SHALL  BE  MARKED  ON  ANY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART.’ 


.012 


-.008 


A  -  degrees 


rigure  2 54. 


X-19,  propeller  side  force  and  yawing  moment  coefficient; 
S  ^  =  154.6  square  feet,  F  =  2.^75  feet. 
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The  Propeller  Rotation  Will  be  Viewed  From  the  Rear  of 
the  Airplane  Looking  Forwards. 

The  Right  Hand  "Corkscrew  Rule"  Will  be  Applied,  Thus 
Rotation  in  a  Clockwise  Sense  is  Positive,  and  Rotation 
in  an  Anti-Clockwise  Sense  is  Negative. 


The  Following  Rotations  Exist  on  the  Airplane, 


Front  Propellers 

Rear  Propellers 

Left 

Negative  Rotation 

Positive  Rotation 

Right 

Positive  Rotation 

Negative  Rotation 

The  Coefficients  Given  on  Figure  254  are  for  Positive 
Rotations. 


Figure  255.  Propeller  sign  convention 
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[ 

I 


I 
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Figure  256.  X-19,  aeroelastic  wing  and  propeller  twist  derivatives. 


e.  Effects  of  Reynolds  Number 

The  tunnel  tests  on  the  X-19  configuration  were  performed  at 
Reynolds  Numbers  considerably  less  than  those  expected  under  cruise 
conditions  (i.e.  0.75  x  10^  compared  with  6  x  10*),  (86)  through  (89). 
These  tests  indicate  that  an  increase  in  coupled  with  no 

change  in  lift  curve  slope,  will  result  from  an  increase  in  Re  from 
test  values  to  cruise  values  for  isolated  wings. 


By  applying  this  correction  to  the  tunnel  results  for  the  front 
wing,  an  allowance  was  made  for  Re  change.  Comparing 
curves  of  front  and  rear  wing,  an  adjustment  was  made  to  the  rear 
wing  to  allow  for  the  new  front  wing  curve.  A  change  in  down- 
wash  results  from  a  change  in  front  wing  lift.  No  Reynolds  Number 
correction  was  applied  to  *-he  fuselage. 


f.  Effects  of  Aeroelastic  Twist 
(1)  Due  to  Angle  of  Attack 

In  (90)  a  method  has  been  derived  for  the  evaluation  of  wing 
twist  due  to  aerodynamic  and  inertial  loads.  This  method 
presents  the  twist  of  the  nacelle  centerline  as  a  function  of 
angle  of  attack  in  the  form  of  a  derivative  d9/dcf  .  In  this 
analysis,  the  wing  torsional  stiffness  and  the  lift  distribu¬ 
tion  have  been  assumed  constant  along  the  wing  span,  which 
then  resulted  in  considerable  analytical  simplification, 

These  assumptions  are  justifiable  and  the  d0/d a  is  expected 
to  be  a  fairly  close  estimation. 


Subsequent  to  this  analysis,  an  allowance  was  made  for  added 
flexibility  between  nacelle  and  wing,  and  these  results  are 
shown  in  Figure  278. 

(2)  Due  to  Aileron  Deflection 

A  Curtiss-Wright  study  was  made  which  developed  a  theoretical 
estimate  of  the  wing  twist  due  to  aileron  deflection  and  the 
corresponding  loss  in  rolling  effectiveness.  The  results  of 
this  study  are  based  upon  linear  aerodynamic  derivatives  and 
assume  a  constant  G.J.  along  the  wing  semi-span  (G.J.  = 

6  2 

2.5  x  10  lb  ft.  ).  A  typical  spanwise  load  distribution  due 
to  aileron  deflection  was  approximated  in  this  analysis  with 
the  essential  loading  characteristics  being  utilized  (see 
Figure  279). 

Figure  280  gives  the  wing  twist  due  to  aileron  deflection  and 
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Figure  281  Che  loss  in  rolling  effectiveness. 


g.  Drag  Distribution 

(1)  Induced  Drag  Breakdown 


The  induced  drag  of  the  complete  airplane,  power-on,  trimmed, 
is  given  as 


D. 

1 


qS 


dCD 

where  ( - r)  is  given  in  Figure  282 

,nW. 

and  CL  =  & 


This  drag  is  assumed  to  be  distributed  between  front  wing, 
rear  wing  and  fuselage  as  follows:' 

(a)  Exposed  front  wing  including  nacelles  =  35% 

(b)  Exposed  rear  wing  including  nacelles  =  45% 

(c)  Fuselage  =  207- 

100% 

The  drags  may  be  distributed  on  the  wings  and  nacelles  accord 
ing  to  the  spanwise  lift  distribution  on  each  wing. 

(2)  Profile  Drag  Breakdown 

The  total  profile  drag  of  the  aircraft  is  given  in  Figure  282 
which  has  been  derived  from  a  profile  drag  buildup  analysis 
based  on  the  aircraft  exterior  configuration  drawing. 

This  drag  is  assumed  to  be  distributed  as  follows:; 


Fuselage 

=  39.5% 

Front  Wing 

=  9.3% 

Rear  Wing 

=  16.1% 

Vertical  Tail 

=  7 . 6% 

Nacelles 

=  11.47, 

Minor  Fittings 

II 

»- 

ro 

ON 

Interference 

=  3 . 5% 

100.0% 
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h.  Flight  Envelope 

(1)  Design  Speeds 

The  flight  envelope  as  defined  in  C.A.R.  4b. 211  Figure  4.b2 
in  (72)  has  been  assumed  applicable  to  the  X-19  in  cruise, 
where  the  design  dive  speed,  V^,  and  the  design  crusing  speed, 

V  ,  have  been  chosen  as  follows: 
c 

Design  dive  speed,  =  347  knots  E.A.S. 

Design  cruising  speed,  =  271  knots  E.A.S. 

(2)  Maximum  Positive  Maneuvering  Load  Factor 

The  maximum  positive  maneuvering  load  factor  for  W  =  13,660 
lb  has  been  derived  from  +  3.0  g  at  W  =  12,300  lb  such 
that  the  product  nW  (i.e.  the  gross  lift)  remains  unaltered. 

Maximum  positive  maneuvering  n  =  2.70g 

(3)  Minimum  Negative  Maneuvering  Load  Factor 

The  minimum  negative  maneuvering  load  factor  is  as  defined  in 
(77),  Paragraph  4b. 211  (a)  (2),  thus. 

Minimum  negative  n  =  -l.Og 

(4)  Flight  Envelope  'Stall'  Curve 

Power  off  data  indicates  that  the  front  wing  stalls  at  an 
angle  of  attack  of  approximately  17  .  This  angle  of  attack 
has  been  used  to  establish  the  positive  'stall'  curve  on  the 
flight  envelope.  Up  to  an  angle  of  attack  of  -12  ,  neitner 
the  front  wing  nor  the  rear  wing  stalls  in  the  negative 
direction  and  so,  to  complete  the  flight  envelope,  it  has 
been  assumed  that  the  negative  stall  curve  is  the  mirror 
image  of  the  positive  stall  curve. 

In  the  estimation  of  these  curves,  due  allowance  has  been 
made  for  the  large  elevator  induced  loads,  and  the  propeller 
normal  force  upon  the  total  aerodynamic  lift  forces. 

The  resulting  flight  envelope  is  shown  in  Figure  257. 

i.  Symetrical  Gust  Envelope 

The  symetrical  vertical  gust  envelope  as  recommended  in  (77), 
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Paragraph  4b. 21]  (b) ,  Figure  4b-3,  has  been  assumed  applicable  Co 
the  X-19  aircraft. 

The  gust  load  factors  have  been  calculated  by  the  following  for¬ 
mula  which  is  based  upon  a  simple  static  analysis: 


ngust 


1  +  K.U.V.a 
~  575 (W/S) 


where  K  =  Factor  to  convert  a  sharp-edged  gust  into  an 
equivalent  sharp-edged  gust 

=  1.33 - 2'%/r  for  (W/S)  >  16  lb/sq2 

(W/S' 31 


and  U  =  nominal  gust  velocity  in  feet  per  sec.,E.A.S. 

V  =  aircraft  speed  in  m.p.h.,  E.A.S. 

a  =  aircraft  lift  slope  per  radian  (including 
propeller  effects). 

W  =  aircraft  weight  ,  lb 

2 

S  =  aircraft  total  wing  area  =  154.6  ft 


Nominal  gust  intensities  of  15,  30  and  40  feet  per  second  E.A.S. 
have  been  investigated  and  the  results  are  shown  in  Figure  258. 

From  an  an?  /sis  of  the  transient  response  of  the  X-19  to  a  verti¬ 
cal  sharp-edged  gust,  it  was  found  that  the  maximum  load 
factor  reached, following  the  gust  impact, will  be  slightly  less 
than  that  given  by  the  expression  above. 

From  this  analysis,  it  is  also  apparent  that  the  X-19  behaves  like 
a  conventional  airplane  in  a  vertical  gust  and  therefore  no  special 
gust  envelop  need  be  considered  for  stressing  purposes. 

Balance  Equations 

As  stated  in  Paragraph  2  (b)  of  this  Section,  the  aerodynamic 
forces  acting  on  the  aircraft  have  been  broken  down  into  numerous 
components,  and  these  are  shown  diagrammatically  on  Figure  259. 

These  forces  are  distributed  in  a  rational  manner  so  that  two 
equations  have  been  derived  and  are  shown  on  the  following  pages. 
Equation  10.1  represents  the  total  lift,  and  Equation  10.2  repre¬ 
sents  the  total  moment  on  the  aircraft. 
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Moment  arms  are  positive  forward  of  the  c.g.  and  negative  behind  the 


CL  =  CL  +  CL  +  CT  +  Ct  +  Ci  +  Ci  +  Ct  +c-  8  +  CT  §  (i) 

lfuse  lfw  lrw  lfn  lrn  lfp  lrp  ^8  e  Ls  a 

e  a 


—  Tc  +  C  +  '  1  ^  I  C7  +  Ct  +  C.  si  (2) 

c  %u+xj  "  c  LLRW  lrn  l8 


*"M  CM  +  c  ^  CL  + 

FUSE  u  "  fuse  ~FW  “FN 


,  XFP  XRP 

C  lfp  c  “rp  “  8 


+  C%  +  +  +  \»  *  \e  + 


These  equations  are  solved  simultaneously,  the  governing  criteria 
being  the  magnitude  of  the  required  pitching  moment. 

By  selecting  a  given  elevator  lift  slope,  for  these  results, 

assumed  as  C  =  +  0.012/deg.  ,  an  elevator  angle  required  for 
Lcr 

each  condition  was  derived  and  checked  against  data  obtained  in 
stability  and  control  calculations. 

In  deriving  the  equations  it  was  assumed  that':' 

a.  Drag  equals  thrust 

b.  Drag  pitching  moment  equals  thrust  pitching  moment. 

c.  No  distinction  has  been  drawn  between  lift,  which  is  at  right 
angles  to  the  free-stream  direction,  and  normal  force  which  is 
at  right  angles  to  the  fuselage  reference  axis  (Waterline  100) < 

To  allow  for  wing  flexibility,  the  single  value  of  angle  of  attack, 
Cf£us  usually  associated  with  equations  of  the  form  of  Equations 

10.1  and  10.2,  has  teen  replaced  by  component  angles  of  attack 
varying  from  & ^  by  the  magnitude  of  the  component  flexibility. 

The  analysis  for  this  component  angle  approach  is  given  in  (90) 
and  the  results  can  be  summarized  as  follows: 
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The  wing  operates  at  an  effective  angle  of  attack  of  cr^  plus 

one-half  the  magnitude  of  the  wing  tip  twist,  while  the  propel¬ 
ler  reaches  the CL e  plus  the  full  value  of  wing  tip  twist  which 

■CUS 

includes  a  nacelle/wing  added  flexibility. 


k.  Load  Breakdowns 


Specific  loads  and  distributions  are  omitted  from  this  report  as 
this  information  is  highly  detailed,  the  particulars  of  which  are 
given  in  (79). 


1.  Spanwise  Lift  Distribution 


An  area  which  has  received  considerable  attention  in  the  X-19  is 
the  rear  wing  lift  distribution.  Normally,  a  wing  lift  distribu¬ 
tion  is  approached  with  the  knowledge  that  the  fuselage  covers  a 
small  span  of  the  wing  in  the  presence  of  a  uniform  free  stream. 

Not  so  in  the  X-19.  The  rear  wing,  by  far  the  larger  of  the  two, 
surprisingly  is  no  larger  than  a  horizontal  stabilizer  with  respect 
to  the  fuselage  length.  Yet  this  rear  wing  is  expected  to  provide 
stability  and  trim  to  the  configuration.  It  is  easy  to  see  that 
small  changes  in  (^CL/dar)  or  in  ffOL  will  effect  large  changes 
in  the  stability  and  trim  of  the  aircraft.  This  is  highly  magni¬ 
fied  in  a  tandem  machine  as  the  stability  is  given  by  the 
expression, 


=  C, 


c-g- 


m. 


+  C, 


lU  s 


m_ 


+  CT 


'props 


FW 


XF  XR 

“RW 


(ID 


and  a  small  change  in  (on  the  moment  arm  xR/c)  is  large. 

aRU 

Early  tests  of  the  configuration  showed  a  considerable  downwash  on 
the  rear  wing,  thereby  resulting  in  a  larger  rear  span  than  orig¬ 
inally  intended.  One  of  the  early  loads  efforts  shows  the  magni¬ 
tude  of  the  wash  effects  in  Figure  260.  Note  the  fuselage  contri¬ 
bution  to  the  downwash  is  of  the  same  order  as  that  of  the  front 
wing.  This  has  been  further  substantiated  from  later  tunnel  tests, 
the  results  of  which  are  given  in  Figure  261,  The  unusual  lift 
distribution  shows  the  unloading  influence  of  the  fuselage.  From 
a  loads  point  of  view,  the  problem  reduces  to  one  of  greater  root 
bending.  The  design  loads  were  based  on  such  a  distribution. 


Considerable  importance  was  placed  on  this  characteristic  espe¬ 
cially  as  it  affected  the  ,-esign  of  tandem  configurations. 
Accordingly  a  theoretical  study  was  embarked  upon  to  learn  more 
about  fuselage  wash.  The  published  information  appeared  to  be 
limited  to  a  wing,  mounted  through  the  center  line  of  a  fuselage, 
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O NACA  airfoil  data 
□  Modification  to  X-200  aircraft 

by  thin  airfoil  theory  Ra  =  3x10 


v£5 


I 


CO  1 

I 


•7-2154 
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Figire  260.  X-19,  rear  wing  lift  coefficient,  based  on  S  =  84.75  square 

feet  (exposed)  area;  NACA  64^-418  airfoil  modified. 


y/c 

Figure  261,  X-19,  rear  wing  spanwise  lift  distribution  -  propellers  off. 
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without  regard  to  fuselage  station.  Additional  empirical  studies, 
performed  at  Curtiss-Wright ,  had  shown  that  wing  location  within 
fuselage  station  had  significant  effects  upon  the  as 

well  as  a  (see  Figures  262  and  263).  These  curves  were 
extracted  from  (91). 


A  method  has  been  evolved  which  defines  the  wash  field  from 
the  fuselage,  based  on  potential  theory.  The  findings  of  this 
study  have  not  been  completed,  however,  a  large  amount  of  in¬ 
formation  has  been  derived,  some  of  which  is  given  here.  To 
start  with,  the  theory  shows  that  the  wash  field  has  two  contri¬ 
butions  from  the  fuselage.  The  first  is  a  general  wash  due  to  the 
shape  of  the  fuselage  at  zero  angle  of  attack.  The  second  is  a 
wash  derivative  which  varies  with  fuselage  angle  of  attack.  The 
parameters  of  importance  are:  (1)  position  of  wing  in  fuselage 
both  in  waterline  and  station,  and  (2)  the  fuselage  width  to 
wing  span  ratio.  The  fuselage  shape  must  be  known.  Using  this 
method,  the  fuselage-induced  wash  on  the  rear  wing  was  computed 
for  the  X-19.  The  results  are  shown  in  Figure  264.  Note  the 
general  downwash  field  both  in  e  and  d«/da  near  the  fuselage. 


The  large  upwash  derivative  near  the  tip  of  the  wing  is  genera¬ 
ted  by  the  nacelle.  This  distribution  was  to  be  fed  into  a 
computer  program  for  determining  the  spanwise  lift  distribution. 


Figure  287  is  included  to  show  the  difference  in  local  effective 
angle  of  attack  (not  (  )  along  the  wing.  The  implication  is  that 
the  inboard  section  of  the  wing  sees  approximately  5  degrees  of 
downwash  more  than  the  outboard  section.  This  is  consistent  with 
the  theory  shown  in  Figure  290.  Figure  293  is  included  to  show 
how  the  wing  actually  becomes  unloaded.  One  can  see  that  the 
upper  surface  pressure  is  fairly  constant  along  the  span.  It  is 
the  leading  edge  of  the  lower  surface  which  is  so  strongly  af¬ 
fected  by  the  spanwise  downwash.  Butt  Line  27  passes  through 
the  leading  edge  fairing  at  the  root  of  the  wing  (which  explains 
the  negative  (x/c).  Figures  261,  265,  and  266  are  taken  from 
the  test  results  of  (93). 
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ITU  chord  position. 


Figure  265.  X-19,  rear  wing  chordwise  pressure  distribution  -  propellers 

off;  0F  =  -3°. 
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Figure  266. 


X-19, 

off; 


rear  wing  chordwise 

0  =  -3°  a  =  +2° 

VF  J  »  fus 


pressure  distribution 


propellers 
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As  a  matter  of  interest,  the  method  was  extended  to  the  yaw  plane. 

A  distribution  of  dc  /d*  was  computed  for  the  rear  wing.  The 
general  trend  of  wash  is  as  one  would  expect.  The  results  are  given 
in  Figure  267.  Thus  a  theoretical  method  exists  for  computing 
fuselage  induced  longitudinal  and  lateral  wash  characteristics, 
with  application  in  loads,  stability  and  configuration  analysis.  It 
remains  to  demonstrate  how  well  the  method  compares  with  experimental 
results . 


HOVER  LOADS 

a.  General 

Hover  loads  are  closely  related  to  the  control  and  transmission 
systems.  Consequently,  such  a  discussion  will  thread  between 
these  areas,.  To  start  with,  the  hover  loads  are  strictly  propel¬ 
ler  point  loads  directed  at  the  wingtips.  Secondary  loads  include 
wing  down  loads  and  are  of  the  order  of  ten  percent  of  the  propel¬ 
ler  loads.  The  process  of  establishing  hover  loads  requires 
determining  the  range  of: 

(1)  Symmetrical  trimmed  Thrusts  -  all  e.g.s. 

(2)  Use  of  trim  button. 

(3)  Throttle  and  stick  excursions. 

b.  Symmetrical  Trimmed  Thrusts 

The  range  of  powers  required  to  trim  the  airplane  for  steady  hover 
is  obtained  from  a  simultaneous  solution  of  the  lift  and  moment 
equations  yielding: 


x_  1  -  DL 

tr  -  TF(^)(r^> 


(12) 


2Tp(l  -  DLp)  sin  0p 
(T/w) 


sin  0 
- h) 

sin  0„ 
F 


(13) 


Thus  the  center  of  gravity,  as  it  affects  the  momc  :t  arms, 
strongly  influences  the  thrust  and  consequently  the  torque  dis¬ 
tribution. 
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Figure  267.  X-19,  fuselage  induced  wash  derivative  on  rear  wing  due  to 

side  slip  at  1TL  chord  position. 
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It  is  desirable  to  place  rne  c.g.  at  50‘  of  the  lift-chord,  as 
this  equalizes  and  minimizes  the  torque  to  the  propellers  at 
the  hover  condition.  Unfortunately,  at  the  50%  c.g.  position, 
an  unstable  C  is  encountered"*  in  cruise,  and  large  trim 

IT)  Ct  1 Q 

shifts  are  obtained  in  transition.  To  eliminate  these  prob¬ 
lems,  a  c.g.  forward  of  the  mid-lift  chord  is  used.  From 
transmission  consideration  the  criteria  are  such  that  maximum 
steady-hover  torque  on  front  propellers  equals  the  maximum 
steady  transition  torque  on  the  rear  propellers.  There  is  the 
need  to  p-ovide  a  reasonable  c.g.  operating  range.  In  the  case 
of  the  X-19,  a  forward  hover  c.g.  of  39.3%  and  aft  cruise  c.g. 
of  42%  were  established  as  initial  achievable  flight  test  values, 
but  the  aircraft  was  capable  of  a  wider  range  (see  Figure  268 
and  (79). 

For  a  given  permissible  gear  box  torque  level,  decreasing  the 
density  requires  a  further  aft  c.g.  position.  This  is  a  power¬ 
ful  effect,  as  can  be  seen  on  Figure  269,  gonerated  for  a  front 
propeller  horsepower  equal  to  730  HP  at  819irnD.  This  curve 
reflects  the  interchanges  between  aircraft  weight,  relative 
density,  center  of  gravity  and  propeller  speed.  The  definition 
of  a  steady  horsepower  limit  is  not  to  be  confused  with  a  maxi¬ 
mum  power  limitation,  as  this  would  be  given  in  the  following 
expression: 

HP  ^  HP  _  .  .  +  AHP  .  +AHP  ,  ...  +  AHP 

max  control  neutral  trim  throttle  control 


c.  Trim  Button 

The  trim  button  was  installed  on  the  aircraft  to  permit  the  stick 
to  be  held  neutral  throughout  the  range  of  c.g.,  weight  and  density 
conditions.  In  effect,  the  trim  button  is  additive  to  the  stick, 
so  that  from  any  trimmed  hover  condition,  a  full  stick  displace¬ 
ment  is  available  to  generate  the  maximum  control  moment. 

Thus  when  a  maximum  steady  horsepower  (front  propeller)  is  attained, 
it  is  implied  that  stick  is  neutral  while  the  trim  button  zeroes 
the  moment.  Or  therefore: 


HP 


max. 


=  HP  +  ahp 

steady  control  neutral  trim 


a 

A  stable  C  is  obtained  by  increasing  the  rear  wing  area  (meaning 

mfl 

higher  structural  weight). 

®  The  center  of  pressure  moves  forward  with  low  forward  speed  resulting  in 
a  demand  for  increased  trimming  torque  on  the  rear  propellers. 
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Center  of  Gravity  Location  -  7,  lift  chord 


Figure  268.  X-  19,  center  of  gravity  envelope  b<-.srU  or.  eirpty  weight. 
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Figure  269.  X-19,  hover  transmission  limit  -  allowable  forward  center  of 

gravity  position  at  thrust  to  weight  =  1,0. 
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Figure  270.  X-19,  propeller  horsepower  histogram  (hover). 


fi-mi 


486 


d.  Throttle  and  Control  Excursions 


The  pilot  exercises  the  throttle  and  control  stick  as  the  maneu¬ 
ver  demands.  The  maximum  incremental  power  that  could  be  genera¬ 
ted  by  the  control  column  was  used  for  stressing  the  airframe. 
Likewise,  the  transmission  was  required  to  accept  these  peak  load¬ 
ings.  However  it  was  recognized  that  maximum  transmission  load¬ 
ings  would  exist  for  a  short  period  of  tin\_  only.  Consequently, 
it  was  decided  to  generate  power  histograms  reflecting  the  time 
spent  at  various  levels  of  power.  These  histograms  were  used  to 
establish  the  projected  life  of  the  transmission.  Figures  270 
and  271  reflect  some  earlier  histograms  used  for  the  X-19.  These 
were  obtained  from  an  analog  simulation  under  gusty  conditions.- 
Histograms  generated  from  the  X-19  flights  reasonably  corroborate 
the  predicted  values. 

e.  Design  Criteria 

The  hover  loads  problem  is  basically  one  of  defining  the  thrust 
and  torque  loadings  resulting  from  gusts  or  maneuvering.  The  pre¬ 
vious  discussion  has  dwelt  on  the  maneuvering  induced  loads,  pre¬ 
dominantly  through  the  transmission.  Obviously,  the  knowledge  of 
a  thrust,  torque  curve  and  the  movements  of  torque  will  define  the 
thrusts . 

This  was  the  method  used  for  establishing  the  thrust  and  conse¬ 
quent  airframe  loadings.  The  dynamics  of  the  governor  system  as 
it  affected  propeller  speed  and  torque  was  mostly  a  function  of 
throttle  rather  than  stick  motion;  and  as  stick-induced  loads 
were  far  greater  than  throttle-induced  loads,  as  discussed  in  the 
preceding  paragraph  number,  the  dynamics  of  the  governor  were  con¬ 
sidered  secondary.  The  height  control  system  introduced  towards 
the  end  of  the  program  was  intended  to  give  a  rapid  thrust  response 
(throttle  motion)  with  small  torque  overshoot.  From  the  little 
data  gleaned  from  flight  test,  indications  are  that  torque  and 
thrust  response  were  close  to  a  step  input.  Consequently,  the 
dynamics  of  the  governor  circuit  would  appear  to  contribute 
little  to  the  loads. 

The  control  power  was  such  that  considerable  pitch  or  roll  accel¬ 
eration  could  be  experienced  through  the  center  of  gravity.  Angu¬ 
lar  inertia  load  factors  were  easily  computed  and  added  to  the 
direct  thrust  and  torque  lunaings. 

The  linear  load  factors  due  to  throttle  motion  were  close  to 
T/W  =  1.0.  Of  course  for  T/W>1,  the  linear  inertia  load  factor 
is  relieving  and  for  this  reason  was  neglected.  Gyroscopic  loads 
were  available  from  a  knowledge  of  the  roll  and  pitch  rates. 

These  are  the  criteria  which  were  used  for  maneuvering  loads  in 
hover 
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Gusts  are  specified  in  (76)  for  30  fps  gust  velocities.  The 
effects  of  gust  are  less  than  that  of  maneuvering  in  the  hover 
regime,  and  consequently  no  effort  was  expended  in  this  area. 

4.  TRANSITION  LOADS 

a.  General 

Transition  is  the  flight  regime  in  which  the  interchange  between 
propeller  and  wing  forces  is  very  large.  At  low  speeds  the  pro¬ 
pellers  dominace.  At  the  higher  speeds  and  lower  tilt  angles  wing 
forces  predominate.  Obviously  at  low  speeds,  the  propeller  lift  is 
predominantly  a  function  of  the  power.  At  the  higher  speeds,  wing 
loading  is  sufficiently  high  (W/S  —  80  psf)  that  load  factor  is 
limited.  This  feature,  plus  the  fact  that  stick  deflection,  pro¬ 
peller  speed  and  tilt-velocity  corridor  can  strongly  influence  in¬ 
dividual  component  loads  without  strongly  influencing  load  factor, 
makes  the  V-n  diagram  a  less  useful  tool.  Consequently,  the  V-n 
diagram  was  never  generated  for  the  transition  regime. 

The  approach  taken  was  to  determine  how  all  of  the  control,  ma¬ 
neuver  and  gust  parameters  would  affect  the  aircraft,  and  from  that 
compute  the  loads.  As  a  preliminary,  the  loads  were  determined 
along  the  tilt-velocity  schedule  with  variations  in  throttle,  stick 
deflection  (max  pitch,  roll,  or  yaw),  angle  of  attack,  propeller 
speed  and  center  of  gravity.  Following  this,  it  was  intended  to 
open  the  tilt-velocity  corridor  as  a  further  load-checking  condition. 
In  many  instances,  checks  showed  small  effects  due  to  the  velocity 
extension. 

In  general,  transition  loads  consist  of  high  propeller  loadings, 
and  thrust-power  distributions  between  the  fore  and  aft  that  are 
highly  onsymmetric.  By  contrast,  the  cruise  loadings  are  approxi¬ 
mately  70  percent  on  the  wings,  the  remainder  being  a  propeller 
lift  force.  Stick  deflection  and  power  have  relatively  smaller  in¬ 
fluence  on  airframe  loads  in  cruise. 

b.  Airplane  Characteristics 

In  transition,  the  airplane  characteristics  should  be  thought  of 
as  a  new  configuration  at  each  tilt  angle.  One  then  matches  each 
configuration  to  obtain  the  proper  flight  characteristics.  Basic 
airplane  characteristics  are  shown  in  the  following  figures,  as  a 
function  of  the  tilt  angle. 

Figures  272  through  276  describe  the  lift  characteristics.  Note 
at  0p  =  82.5°,  the  extreme  dependence  of  lift  upon  the  horsepower, 
with  a  relatively  small  dependence  upon  angle  of  attack.  Note 
further  that  the  maximum  lift  coefficient  occurs  at  about  ff.  = 

tmg 

8  degrees.  At  a  tilt  angle  of  0p  =  20°,  one  finds  lift  to  be  far 
more  sensitive  to  angle  of  attack. 
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Figure  272,  X-19,  transition  lift  coefficient  characteristics;  0^  =  82.5° 

V  =  49  knots,  819  7rnD,  neutral  stick. 
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Figure  273.  X-19,  transition  lift  coefficient  characteristics;  0  =  82.5°, 

V  =  49  knots,  725  rnD,  neutral  stick.  F 


67-226S  491 

FURNISHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No.  SHALL  NOT  RE  ETHER  RELEASED  OUTSIDE  THE  GOVERNMENT  OR  USED 

DUPLICATED.  OR  DISCLOSED  IN  WHOLE  OR  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PE  MISSION  OF  CURTiSS- WRir NT  r<>R. 
PORATION.  EXCEPT  FOR  (t)  EMERGENCE  REPAIR  OR  OVERHAUL  WORK  BT  OR  FOR  THE  GOVERNMENT.  WHERE  THE  ITEM  A  PROCESS  IS  NOT  OTHERWISE  RE- 
SONABLT  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WORK.  OR  (ii)  RELEASE  TO  A  FOREIGN  GOVERNMENT.  A  THE  INTERESTS  OF  "HE  UNIT FO 
STATES  MAT  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THF  RELEASE.  USE  DUPLICATION  OR  DISCLOSURE  HEREOF  5HA  ..  BE  SUBJECT  TO  THE  FOREGOING 
LIMITATIONS.  THIS  LEGEND  SHALL  BE  MARKED  ON  ANT  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART  " 


FVRTSJHED  UNDE*  UNITED  STATES  COVtlUlttin  CONTRACT  Mo  Ar>Jlni>-mo  S»ll  «T  II  lrmi  II,  mtc,  ... 

DUPLICATED.  OS  DISCLOSED  m  WHOLE  OS  IK  PART  POP  MANU f  ACTURE  OS  PSOCU^DET  GOVERNMENT  OS  USE 

POSATION.  EXCEPT  TO*  (1)  EMERGENCY  AEPAIA  OS  OVESHAUL  WOSEBT  OS  ros  TH^^VEAWEHT  WHESE^Hl^^^f^.-w~CU*T“S"**JCKT  001 
SONA.LT  AVAILABLE  TO  ENABLE  TIMELY  PESPOSMANCE  OP  THE  SOTS  “  £Ts£l£ “^K,  W  ^  AS  ££  I^eL^I  oj 
STATES  MAT  REQUIRE  PROVIDED  THAT  IN  EtTHIS  r.«r  THE  RELEASE  USE  niTlio™  „„  ’  TKI  nfTI*^TS  OP  THE  UNITE 

LIMITATIONS  THIS  LEO  END  SHALL  BE  MARKED^,  T°  ™l  "*“« 


Figure  275.  X-19,  transition  lift  coefficient  charac 

V  ■  102  knots,  725  wnD,  neutral  stick. 


-rmmuta  UHDt*  UNITED  STATES  GOVERNMENT  CONTRACT  tu.  ArS»f*l*»oS40  SHALL  'Cl  At  »3YHER  RELEASED  OUTSIDE  THE  GOVERNMENT,  OR  USFD, 
Nl  PLICATED  OH  DISCLOSED  W  WHOLE  OR  |M  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THt  WRITTEN  PERMISSION  or 

PORATIOH  EXCEPT  rC«  (1)  EMERGENCY  REPAIR  OR  OVERHAUL  WORK  BT  OR  FOR  THt  GOVER^MENI .  WHERE  THE  ITEM  OR  PROCESS  IS  NOT  O.HrRWIST  RF- 
90KARLT  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WORK.  OR  (til  RELEASE  TO  A  FOREIGN  GOVERNMENT.  AS  THE  INTERES.  S  OF  >E  ^ 

STATES  MAT  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE.  USE.  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  .HE  FORF.GOT'K} 
LIMITATIONS.  THIS  LEGEND  SMALL  BE  MARKED  ON  ANT  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART." 


Figure  276.  X-19,  transition  lift  coefficient  characteristics 

V  =  120  knots,  725  trnD,  neutral  stick. 


Figures  277  through  281  illustrate  thedrag  characteristics.  It 
appears  that  there  exists  an  opposite  behaviour  with  respect  to 
angle  of  attack  and  horsepower.  For  example,  at  the  high  tilt 
angles  the  drag  is  highly  sensitive  to  angle  of  attack,  with  a 
strong  but  less  important  reliance  upon  horsepower.  On  the 
other  hand  at  0^  =  20  ,  power  is  the  dominant  parameter  affecting 
drag.  The  significance  of  this,  is  that  an  equilibrium  condition 
will  be  dependent  both  on  power  and  angle  of  attack.  During 
flight  test,  at  tilt  angles  above  75  degrees  the  pilot  appeared 
able  to  match  the  tilt-velocitv  schedule,  through  power  and  at¬ 
titude  manipulations,  with  reasonable  ease.  No  experience  at 
tilt  angles  as  low  as  0p  =  60°  was  Obtained  (except  for  Flight 
50).  However  analog  studies  indicatea  a  greater  difficulty  in 
attaining  equilibrium  flight  ac  0^  =  60°  compared  with  the  higher 
tilt  angles.  For  example,  a  small  change  in  attitude  or  power 
would  result  in  a  changing  velocity  and  altitude. 

The  pitching  moment  curves  are  given  in  Figures  282  through  285. 

As  expected,  pitching  moment  is  significantly  related  to  angle 
of  attack,  either  in  the  unstable  or  stable  regions.  Horsepower 
appears  to  have  a  lesser  influence  on  the  moment  throughout. 

This  effect  has  not  gone  unnoticed,  however.  In  the  final  phase 
of  Flight  50,  following  the  full  throttle  input,  the  co-pilot 
commented  that  the  aircraft  pitched  up  without  an  application 
of  back  stick.  Figure  283  shows  the  pitch  up  moment  due  to 
power  characteristic  to  which  reference  is  made. 

c.  Design  Control  Loads  Criteria 

Design  control  loads  have  been  treated  in  a  manner  similar  to 
that  of  conventional  cruise.  A  trim  equilibrium  condition  is 
first  established,  from  which  control  deflections  are  super¬ 
imposed  to  define  the  resultant  loads.  In  cruise,  maximum  con¬ 
trol  deflections  are  generally  imposed  about  a  single  axis.  In 
some  instances  a  combined  control  loading,  such  as  in  a  rolling 
pull  out,  are  determined.  However,  this  is  generally  less  than 
a  full  control  deflection  about  both  axis.  In  the  X-19,  the 
approach  taken  was  to  allow  a  full  control  deflection  about  a 
single  axis  in  the  transition  regime.  In  hover,  full  three 
axis  deflections  were  allowed,  completely  additive,  for  the 
airframe  analysis.  The  base  point  was  a  trimmed  hover  at  W  = 

13,660  pounds.  For  the  transmission,  a  combination  of  pitch 
and  roll  was  allowed  in  the  hover  regime  for  establishing  maxi¬ 
mum  torque.  This  was  obtained  from  analog  equipment  with  various 
gust  effects  superimposed. 

If  one  includes  throttle  deflections  as  part  of  the  control  de¬ 
flection,  the  following  comments  are  applicable.  The  engine  top¬ 
ping  governors  were  set  to  prevent  overspeeds  in  excess  of  3  percent. 
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Figure  277.  X-19,  transition  drag  coefficient  characteristics;  0  =  82.5°, 

V  =  49  knots,  819  TnD,  neutral  stick.  r 
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Tigure  278.  X-19,  transition  drag  coefficient  characteristics;  0p  =  82.5  , 

V  =  49  knots,  725  irnD,  neutral  stick. 
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Figure  282.  X-19  transition  pitching  moment  coefficient  characteristics; 

0„  =  82.5°,  V  =  4 9  knots,  c.g.  =  42.87,,  neutral  stick,  725 
and  819  trnD. 
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Figure  283.  X»19,  transition  pitching  moment  characteristics;  0p  =  60°, 

V  =  85  knots,  c.g.  =  42.8%,  neutral  stick,  725  imD. 
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Figure  284.  X-19,  transition  pitching  moment  coefficient  characteristics; 
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V  =  102  knots,  c.g.  =  42.8%,  neutral  stick,  725  tmB 
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Figure  285.  X-19,  transition  pitching  moment  coefficient  characteristics; 

0  =  20°,  V  =  120  knots,  c.g.  =  42.8%,  neutral  stick,  725  irnD. 
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The  free  zone  in  Che  propeller  governor  circuit  was  set  so  that 
a  maximum  power  increment  of  20  percent  would  result  from  large 
throttle  notions.  The  airframe  would  not  be  designed  by  loads  of 
this  magnitude.  Likewise,  the  transmission  loads  from  a  pure 
throttle  impulse  would  not  be  critical.  Combinations  of  throttle 
and  control  deflection  were  not  used  for  design. 

d.  Design  Maneuvers  and  Flight  Envelopes 

Figures  286  through  289  illustrate  the  fore-aft  power  distribution 
for  trimmed  flight.  It  is  apparent,  for  the  most  part,  that  the 
rear  propeller  is  consistently  at  a  higher  power  level  than  the 
front  propeller  in  trimmed  flight.  At  low  tilt  angles  and  high 
angles  of  attack  (high  descent  rate)  this  trend  is  reversed. 

Some  flight  test  data  have  confirmed  the  general  trend. 

Figures  290  through  293  illustrate  the  effects  of  deviating  from 

the  prescribed  tilt  schedule,  at  tilt  angle  of  0  =  60  degrees. 

r 

A  flight-loads  program  must  reflect  all  of  the  curves  and  charac¬ 
teristics  discussed  throughout  this  section.  Actually  these  do 
not  reflect  the  full  gamut  of  conditions.  The  data  presented  here 
are  used  solely  to  generate  trim  loads  at  various  rates  of  climb 
or  acceleration,  throughout  the  transition  corridor.  Some  small 
load  factor  loadings  can  be  obtained  with  throttle.  However, 
component  loadings,  which  are  quite  substantial,  are  generated 
by  control  deflections  or  by  gusts. 

e.  Design  Gust  Loads  Criteria 

Gust  loads  have  been  treated  in  a  manner  similar  to  the  c/uise 
criteria;  i.e.,  the  gust  velocity  is  superimposed  on  the  free 
stream  velocity.  In  the  cruise  regime,  vertical  gusts  are  gen¬ 
erally  considered,  with  no  effective  change  in  velocity.  In 
transition,  the  30  fps  gust  has  been  superimposed  upon  the 
trimmed  equilibrium  condition.  In  this  case,  however,  the  verti¬ 
cal  gust  does  not  necessarily  design  the  machine.  Therefore 
horizontal  and  side  gusts  have  also  been  investigated.  As  the 
forward  speed  is  not  very  high  in  transition,  a  30  ft/sec  gust 
can  alter  both  the  propeller  angle  of  attack  and  the  resultant 
velocity.  Both  have  been  taken  into  consideration  in  the  final 
load  determination.  For  the  vertical  or  horizontal  gust,  a 
simple  two-dimensional  computation  was  made.  In  the  case  of  side 
gusts,  the  resultant  velocity  vector  is  skewed  to  the  propeller 
body  axis.  The  method  evolved  was  to  establish  the  propeller 
loads  (six  components)  in  the  skewed  plane.  Then  the  loads  were 
resolved  back  into  the  body  axis  system. 
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Figure  286. 


X-19,  transition  front  and  rear  propeller  trim  powers; 

0„  =  82.5°,  V  =  49  knots,  725  TrnD,  c.g.  =  42.87.. 
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Figure  287.  X-19,  transi  tion  front  and  rear  propeller  trim  powers; 

0p  =  60°,  V  =  85  knots,  725  irnD,  c.g.  42.87,. 
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Figure  288.  X-19,  transition  front  and  rear  propeller  trim  powers; 
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40°,  V  =  102  knots,  725  irnD,  c.g.  =  42.8°;. 
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Figure  289.  X-19,  transition  front  and  rear  propeller  trim  powers; 

0p  =  20°,  V  =  120  knots,  725  wnD,  c.g.  =  42.8%. 
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Figure  291.  X-19,  effects  of  wnD  variation  upon  trim;  0  =  60°,  V  =  85 

knots,  W  =  13,660  pounds,  c.g.  =  417... 
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Figure  292.  X-19,  effects  of  irnD  variation  upon  trim;  0^ 

pounds,  V  =  102  knots,  c.g.  =  42.8%. 
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Figure  293. 


X-19,  effects  of  c.g.  location  upon  trim;  0 
V  =  102  knots.  ! 


40° ,  irnD  =  725, 


67-2221 


513 


FURNISHED  UNDER  UNITED  STATES  GOVERNMENT  CONTRACT  No  AFJMfc'M-^O  SHALL  NOT  BE  OTHER  RELEA5EO  OUTSIDE  THE  GOVERNMENT.  0\  USED. 
DUPLICATED  OR  DISCLOSED  »N  WHOLE  OP  IN  PART  FOR  MANUFACTURE  OR  PROCUREMENT.  WITHOUT  THE  WRITTEN  PERMISSION  OF  CURTISS- WRIGHT  COR¬ 
PORATION  EXCEPT  FOR  (i)  EMERGENCY  REPAIR  OR  OVERHAUL  WORK  BY  OR  FOR  THE  GOVERNMENT.  WHERE  THE  ITEM  OR  PROCESS  IS  NOT  OTHERWISE  RF- 
SONABLY  AVAILABLE  TO  ENABLE  TIMELY  PERFORMANCE  OF  THE  WORK.  OR  (it)  RELEASE  TO  A  FOREIGN  GOVERNMENT.  AS  THE  INTERESTS  OF  THE  UNITED 
STATES  MAY  REQUIRE  PROVIDED  THAT  IN  EITHER  CASE  THE  RELEASE.  USE.  DUPLICATION  OR  DISCLOSURE  HEREOF  SHALL  BE  SUBJECT  TO  THE  rOPEGdNC 
LIMITATIONS  THIS  LEGEND  SHALL  BE  MARKED  ON  \NY  REPRODUCTION  HEREOF  IN  WHOLE  OR  IN  PART." 


5. 


DESIGN  GROUND  LOADS  CRITERIA 


The  permissible  landing  loads  are  derived  from  specifications  given  in 
Civil  Air  Regulations  Part  7  for  Rotorcraf t-Transport  Category.  To  these 
requirements  were  added  severa1  loading  conditions  specified  in  ANC-2, as 
well  as  certain  other  conditions  specified  by  Curtiss-Wright,  as  being  de¬ 
sirable  for  anticipating  probable  ground  loads.  The  various  design  con¬ 
ditions  and  their  respective  sources  are  collected  in  the  following  brief 
summary: 


Design  Condition  Wheels  in 

Contact 

c.g. 

Location 

7.  L.C. 

Specification 

Reference 

Level  landing 

3* 

40,43 

CAM-7,  Para.  7.231a 

2,1 

40 

CAM-7,  Para.  7.233 

Rolling  drag 

3*,  2 

40 

CAM-7,  Para.  7.231b 

Nose  up  17.40 

2 

40 

CAM-7,  Para.  7.232 

Lateral  drift 

3*,  2 

40 

CAM-7,  Para.  7.234 

Braked  roll 

3*, 2 

40 

CAM-7,  Para.  7.235 

Reversed  braking 

2 

40 

ANC-2  Sect.  3.214 

Spinup  and  Spi.-.g  back 

3,2 

40 

ANC-2  Sect.  7.3,  p. 

Airborne  side  drift 

1 

40 

Curtiss-Wright  Spec 

Aircraft  at  30°  roll 

1 

40 

Curtiss-Wright  Spec 

Towing  load,  fwd  &  aft 

3 

43 

ANC-2  Sect.  4.2,  p.8 

*  Three-wheel  loading  for  both  forward  and  aft.  c.g.  limit. 


Limit  loads  were  then  calculated  for  these  conditions  for  an  aircraft  GW  of 
12,300  lb  to  obtain  the  loads  acting  on  the  landing  gear.  The  c.g.  posi¬ 
tions  employed  are  the  most  aft  or  most  forward,  whichever  gives  the  maxi¬ 
mum  load  in  the  wheel  considered.  The  limit  gear  load  factor  of  2.0  was 
used,  having  been  determined  from  drop  testing  of  the  main  landing  gear  in 
accordance  with  provisions  in  Paragraph  7.332  of  CAR  Part  7. 
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SECTION  XI 


POWER-OFF  CONSIDERATIONS 

1.  SAFE  OPERATING  ENVELOPE 

The  unsafe  operating  range  of  the  X-19  aircraft  for  the  case  of  failure  of 
one  engine  is  shown  on  Figure  348  for  operating  gross  weights  of  12,300  and 

13,660  lb.  The  knee  of  the  "avoid"  region  is  approximately  50  to  70  knots 
respectively,  and  lowest  altitude  would  be  20  ft  above  ground.  When  operat¬ 
ing  at  the  higher  transition  speeds  and  higher  altitudes,  it  will  be  neces¬ 
sary  to  dive  the  airplane  to  gain  the  speed  necessary  to  make  a  a  safe 
landing,  or  maintain  flight  on  the  remaining  engine.  In  any  case,  it  will 
be  necessary  to  land  the  X-19  with  a  velocity  in  excess  of  that  indicated 
by  the  knee  of  the  curve,  as  this  is  the  minimum  velocity  at  which  flight 
can  be  maintained  with  one  T55-L5  engine. 

When  operating  at  the  higher  altitudes  and  at  speeds  below  the  knee,  it  is 
necessary  to  tilt  the  propellers  to  a  lower  angle  in  accordance  with  the 
recommended  tilt  schedule  while  diving  the  airplane, to  obtain  the  required 
speed.  This  requirement  was  one  of  the  limits  establishing  the  upper 
boundary  of  the  curve 

In  cruise,  when  a  complete  engine  power  failure  is  experienced  and  the 
speed  is  above  160  knots,  a  safe  landing  can  be  accomplished  provided 
a  suitable  area  is  immediately  available.  When  determining  the  minimum 
speed  and  altitude  for  a  safe  power-off  landing,  it  is  assumed  the 
airplane  is  operated  near  the  correct  tilt  angle. 

2.  ENGINE  FAILURE  CONSIDERATIONS 

The  power-off  and  engine-failure  characteristics  of  VTOL  aircraft  have  been 
of  prime  concern  to  the  industry's  designers.  This  type  of  aircraft  derives 
lift  directly  from  power  during  the  operation  in  hover  and  conversion  and 
a  power  failure  can  thus  result  in  a  crash.  The  original  design  specifi¬ 
cation  of  the  M-200  and  X-19  aircraft  called  for  power  sufficient  to  main¬ 
tain  hover  flight  in  the  event  of  an  engine  failure.  As  the  chances  of  a 
complete  power  failure  in  this  two  engine  configuration  were  extremely  re¬ 
mote,  it  was  felt  that  an  adequate  safety  margin  had  been  provided. 

Unfortunately,  the  ability  to  hover  with  one  engine  out  does  not  in  itself 
make  for  a  safe  airplane.  The  power  must  be  transmitted  to  the  propellers 
instantaneously  and  must  be  sufficient  to  reduce  vertical  acceleration  to 
zero  prior  to  touch-down.  Because  of  the  finite  time  required  for  the 
remaining  engine  to  achieve  full  power,  the  concept  of  requiring  hover  with 
one  engine  out  is  an  unrealistic  criteria.  Even  if  this  level  of  power  were 
available,  there  would  be  occasions  when  flight  operation  would  be  unsafe, 
due  to  time  lags  on  the  part  of  engine  and  pilot.  Consequently,  additional 
power  to  provide  so  called  engine  out  hover  safety,  will  still  result  in 
restricted  envelopes.  In  the  case  of  the  X-19,  the  power  available  was 
nearly  sufficient  to  hover  the  airplane  with  an  engine  out;-  but  due  to  the 
time  lag,  in  excess  of  3  seconds,  the  aircraft  could  not  be  operated  safely 
in  hover  at  altitudes  between  20  feet  and  550  feet. 
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In  determining  the  engine-out  safety  design  requirements,  consideration 
must  be  given  to  how  the  airplane  is  used  and  what  type  of  operating 
conditions  may  be  encountered.  It  is  believed  that  the  landing  gear  require¬ 
ments  must  be  integrated  with  the  engine-out  requirements  to  obtain  an 
acceptable  compromise  of  landing  gear  and  overall  design.  For  example, 
assume  a  VTOL  airplane  is  hovering  at  an  altitude  of  50  feet,  has  a  landing 
gear  capable  of  withstanding  a  20  ft/sec  sink,  has  a  finite  number  of  engines 
with  equal  ratings,  and  has  an  automatic  device  for  detecting  the  failure  of 
an  engine  and  advancing  the  other  throttles  so  that  full  remaining  power  is 
instantaneously  available.  If  the  power  is  directly  proportional  to  thrust, 
the  percent  increase  necessary  to  stay  within  the  capacity  of  the  landing 
gear  is  as  follows:. 

Total  No.  %  Power 

of  Engines  Increase 

2  74 

4  16 

6  5 

8  0 

Thus. with  a  four-engine  airplane,  only  a  16  percent  increase  in  power 
would  be  necessary  to  stay  within  the  capacity  of  a  20  ft/sec  landing  gear. 
This  compares  with  a  25%  increase  required  to  provide  engine  out  power  for 
maintaining  hover  thrust.  This  serves  to  illustrate  how  the  landing  gear 
and  engine  characteristics  should  be  balanced  to  obtain  the  desired  safety. 
The  study  also  illustrates  the  point  that  an  arbitrary  design  characteristic 
can  actually  defeat  its  intended  goal. 

3.  POWER-OFF  CHARACTERISTICS  VS  SPEED  AND  ALTITUDE  (WINDMILLING) 


As  stated  previously,  the  minimum  cruise  configuration  approach  speed  and 
altitude  are  approximately  160  knots  and  120  feet, respectively,  following 
a  steady  power-off  descent  path.  The  technique  of  accomplishing  the  land¬ 
ing  would  be  to  let  the  propeller  continue  to  windmill  at  the  cruise  rpm, 
tilt  the  propellers  up  to  16  degrees  at  which  point  the  flap  is  30  degrees, 
and  set  up  a  descent  condition  at  an  operating  lift  coefficient  near  L/D 
(lift  drag  ratio)  maximum.  The  propellers  windmill  when  the  equivalent 
blade  angle  is  slightly  below  the  apparent  wind  angle  so  that  the  section 
is  operating  at  a  negative  angle  of  attack.  At  this  condition  the  blade 
lift  coefficient  is  supplying  torque  in  the  direction  of  rotation,  see 
figure  A.  The  windmilling  propellers  operate  at  a  blade  angle  slightly 
below  that  for  cruise,  and  if  they  are  governing,  the  blade  angle  would 
be  quickly  reached.  In  the  event  of  a  power  failure  at  altitudes  below 
that  noted  above,  a  safe  landing  can  still  be  effected,  because  initial 


sink  rate  is  zero. 


Normal  Propeller 
Section  Absorbing 
Power 
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Figure  A 


D 


Since  the  propellers  can  be  assumed  to  be  decoupled  from  the  engine;  little 
power  must  be  absorbed  and  the  negative  thrust  or  drag  produced  is  very  low. 
Since  the  radial  force  is  mainly  a  function  of  the  variation  of  section 
angle  of  attack  and  relative  velocity  produced  by  the  rotation  and  shaft 
angle,  the  propellers  are  generating  nearly  the  same  force  as  with  power 
on  (see  Section  II).  This  force  is  important  and  must  be  considered  when 
determining  the  landing  characteristics  of  the  airplane.  At  the  proper  alti¬ 
tude,  :he  pilot  initiates  a  flare  and  performs  a  landing  at  a  minimum  speed 
of  120  knots.  The  details  of  this  operation,  and  the  methods  and  assumptions 
for  calculating  the  descent  and  landing,  are  given  in  the  following  paragraphs. 

In  general,  a  typical  descent  and  landing  will  consist  of  two  parts,  a  steady 
descent  followed  by  a  final  flare  out.  The  first  portion  of  descent  is  sub¬ 
ject  to  the  following  assumptions: 


a.  Constant  flight  path  velocity, 

b.  Constant  angle  of  descent,  0 

The  equations  of  motion  for  these  conditions  are: 

L  =  W  cos  0,  (lift) 

D  =  W  sin  0,  (drag) 

M  =  0,  (pitching  moment  about  c.g.) 
where  W  =  12,300  lb 

In  Figures  295  to  297,  required  elevator  deflection  for  pitch  trim,  fuselage 
angle  of  attack,  angle  of  descent  and  rate  of  sink  are  plotted  as  functions  of 
constant  flight  path  velocity  for  the  initial  portion  of  descent,  (shown  as 
dashed  curves) . 

Rate  of  sink  is  defined  as 


R/S  =  V  sin  0  =  DV  /W 
o  o 

These  dashed  curves  then  define  the  requirements  needed  to  maintain  a  con¬ 
stant  velocity,  constant  rate  of  sink.  Referring  to  Figure  297,  note  that 
a  minimum  rate  of  sink  is  on  the  order  of  48  ft/sec.  Since  this  is  well  be¬ 
yond  the  structural  capabilities  of  the  landing  gear  and/or  the  airplane, 
the  second  portion  o£  the  descent  and  landing  technique,  the  final  flare  out, 
is  quite  necessary. 


The  equations  of  motion  for  the  flare  out  are  the  same  as  previously  shown, 
except  for  the  addition  of  acceleration  terms. 


L 


W  cos  0  =  —  V 
g 


d0 
°  dt 


w  o 

W  sin  0  -  D  =  -  — — - 
g  dt 

Holding  a  constant  airplane  angle  of  attack,  the  equations  are  functions  of 
only  V  and  0,  and  thus,  numerical  integration  is  possible.  The  effect  of 
flare  out  was  studied  at  three  values  of  initial  constant  descent.  These 
results  are  plotted  as  solid  lines  on  Figures  295  to  297. 
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Angle  of  Descent  -  degrees 


Figure  296.  X-19,  cruise  windmilling  descent  angle;  W  =  12,300  pounds 

eg  =  42.9  percent,  <#>F  =  16.3°,  jB  =  51  degrees. 


R/S,  Rate  of  Sink 
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Assuming  a  maximum  desired  rate  of  sink  of  10  ft /sec,  flare  outs  starting 
at  speeds  below  153  knots  should  not  be  attempted,  as  can  be  seen  in  Figure 
297.  Flaring  started  at  velocities  above  162  knots  contain  the  possibility 
of  climbing  after  0  =  0  is  reached. 

Possible  flight  paths  during  flare  are  shown  in  Figure  298.  Three  paths, 
which  are  functions  of  the  velocity  at  which  the  flare  is  initiated,  are 
given.  Also  superimposed  are  the  flight  path  velocity  and  rate  of  sink  at 
points  along  the  flight  path.  Because  of  the  high  decelerations  encountered 
(0.3  to  0.4  g's)  and  the  short  period  of  time  during  flare  (note  times  on 
Figures  295  to  297)  it  is  necessary  that  the  pilot  gimbal  to  a  proper  tilt 
angle  before  initiating  his  flare.  Values  of  0p  =  25°  ^  appear  acceptable. 
When  initiating  the  flare,  the  only  pilot  requirements  will  be  to  pull  the 
stick  back  to  neutral  position,  which  corresponds  to  a  fuselage  angle  of 
attack  of  14.4°,  at  which  including  elevator  requirement  occurs. 

Referring  to  Figure  299  to  301,  showing  the  M.I.T.  scale  data,  corresponding 
values  at  =  14.4°  and  $  75R  =  51°  are:' 

=  1.53  =  aircraft  lift  coefficient 

CD  =  .515  =  total  drag  coefficient 

C.  =  0  =  moment  coefficient 
M 

0  =  tilt  angle;  the  angle  between  thrust  vector  and  fuselage 
reference  line,  WL100 

The  pilot  should  attempt  a  landing  only  within  the  landing  envelope  shown 
in  Figure  298.  This  envelope  is  constrained  by  the  following  requirements 
and  definitions. 

a.  Maximum  allowable  R/S  =  10  ft/sec 

b.  Points  above  a  constant  R/S  =  0  line  are  in  fact  rates  of  climb; 

this  is  the  upper  limit  to  the  envelope. 

c.  For  a  flare  which  allows  a  rate  of  climb  to  occur  (e.g. ,  166  knots 

flare)  there  is  the  possibility  of  two  distinct  safe  landing  points. 
However,  the  lower  speed  solution  occurs  at  altitudes  above  the 
higher  speed  solution.  The  lower  speed  solution  is  ignored,  there¬ 
by  closing  the  envelope. 

Another  criterion  which  is  not  considered  here  is  the  combination  of  sink 
speed  and  tangential  speed  as  it  affects  the  landing  gear  (structurally). 

It  may  be  that  only  low  sink  rates  are  allowable  for  the  high  speed  touch¬ 
down.  If  this  is  so,  it  can  reduce  considerably  the  usable  band  of  avail- 


0p  =  25°  is  a  minimum  value  for  landing  because  of  propeller  ground 
clearance  requirements.  All  calculations  and  plots  have  been  calcula¬ 
ted  for  0p  =  16.3°  because  of  lack  of  available  windmill  data  at 
higher  tilt  angles. 
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Figure  301.  X- 19,  windmilling  moment  coefficient  characteristics  at 
<p p  =  16.25  degrees;  Sre£  =  154.6  sq  ft.,  eg  =  42.9 
percent,  8p  =  23.2  degrees,  &a  =  21.5  degrees. 


able  flareouts. 


Actually,  a  simpler  type  of  landing  can  be  made  at  or  near  minimum  R/S.  In 
most  cases,  the  pilot  will  not  attempt  to  land  in  the  low  speed  portion  of 
the  landing  envelope.  Touchdown  velocities  around  120  to  130  knots  are 
expected  to  be  typical. 

The  type  of  descent  analyzed  in  this  report  is  subject  to  the  limitation 
of  maintaining  constant  blade  angle.  This  implies  that  the  propeller 
governor  is  by-passed,  allowing  a  constant  J0  to  be  held.  Thus,  as  for¬ 
ward  speed  diminishes,  prop  rpm  must  fall  off. 

Another  limitation  on  the  results,  that  should  be  mentioned,  is  in  the 
interpretation  of  the  drag  data  shown  in  Figure  300.  Since  the  drag  data 
were  not  run  at  true  windmill  conditions  (the  power  coefficients  were 
slightly  negative),  it  is  estimated  that  the  drag  readings  are  about  5%  high. 

The  effect  of  Reynolds'  number  on  drag  also  tends  tc  give  high  drag  read¬ 
ings.  The  magnitude  of  this  effect  is  still  unknown.  However,  it  can  be 
generalized  that  if  the  airplane  experiences  a  lower  drag  than  used  in  this 
analysis,  the  flare  can  be  initiated  at  reduced  speeds. 

The  emergency  landing  procedure  assumes  the  pilot  can  fly  the  correct  flight 
path,  and  that  space  for  landing  is  available.  Experience  has  been  gained 
on  landing  lifting  bodies  which  have  lift  drag  ratios  below  that  of  the 
X-19,  with  power-off.  These  results  indicate  landings  can  be  made.  A 
study  of  the  X-19  power-off  landing  characteristics  was  made  based  on  the 
results  of  the  tests  with  lifting  bodies.  This  study  indicated  that  higher 
speeds  and  altitudes  would  be  necessary  to  land,  in  case  of  a  complete 
power  failure,  than  was  indicated  in  the  previous  paragraphs.  However, 
this  study  is  not  considered  complete  and  further  work  was  indicated. 

4.  AUTOROTATIVE  CHARACTERISTICS 

The  autorotative  characteristics  of  the  propellers  on  the  X-100  and  X-19 
airplane  will  result  in  a  low  level  of  thrust  when  the  airplane  is  descend¬ 
ing  at  a  moderate  descent  speed.  To  produce  thrust  (windmilling  drag)  equal 
to  aircraft  weight  for  the  high  disk  loading  associated  with  the  X-19  air¬ 
craft,  sink  speeds  in  excess  of  100  ft/sec  are  required.  Compared  with 
helicopter  rotors,  propellers  have  very  little  kinetic  energy  available  for 
slowing  up  the  airplane  to  a  safe  landing.  Thus,  even  if  the  velocity  of 
an  autorotational  descent  for  thrust  equal  to  weight  could  be  reduced,  the 
possibility  of  making  a  safe  landing  is  remote.  For  this  reason,  the  use  of 
autorotation  was  rejected  as  a  means  of  landing  the  aircraft  in  the  event 
of  engine  failure. 

Even  if  the  thrust/advance  ratio  relationship  of  the  propeller  were  the  same 
as  a  helicopter  rotor,  the  disk  area  difference  would  reduce  the  lift  of  the 
propeller  to  between  one-fifth  and  one-seventh  that  of  the  helicopter.  This 
is  apparent,  as  the  disk  area  of  a  helicopter  is  5  to  7  times  greater  than 
that  of  an  X-19  type  VTOL  aircraft  of  the  same  weight;  and  the  lift  is 
directly  dependent  on  the  disk  area. 


Due  to  the  large  amount  of  twiit  used  in  the  blades  of  the  X-19  propeller, 
the  windmilling  thrust  at  a  given  disk  loading  will  be  less  than  that  of 
a  helicopter  rotor.  Therefore,  the  autorotation  characteristics  are  poorer 
than  would  be  indicated  by  area  considerations  alone. 

Data  was  run  on  thirty-inch-diameter  model  propellers  to  determine  their 
characteristics  when  autorotating.  These  data  are  shown  for  the  shaft  angles 
of  140,160  and  180  degrees  on  Figures  302  to  304.  The  characteristics  of 
the  blade  used  is  shown  on  Figure  305. 
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Figure  302. 


Thrust  coefficient  characteristics 
degrees;'  CWC  blade  3(156109),  AF  = 


at  tilt  angle  of  140 
115,  IC  =  0.482. 
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Figure  303. 


Thrust  coefficient  characteristics 
degrees;  CWC  blade  3(156109),  AF  = 


at  tilt  angle  of  160 
115,  IC  =  0.482. 
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Figure  304.  Thrust  coefficient  characteristics  at  tilt  angle  of  180 
degrees;  CWC  blade  3(156109),  AF  =  115,  IC  =  0.482. 
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SECTION'  XII  NOMENCLATURE 


BHP  brake  horsepower 
C.G.  center  of  gravity 
Cp  =  power  coefficient 
C^,  =  thrust  coefficient 

fpm  feet  per  minute 
K  =  knots 

L.C.  lift  chord  (=274  in.),  distance  between  front  and  rear  tilt 
axis  along  fuselage  water  line. 

L  lift 

N2  power  turbine  rotational  speed 
SAS  stability  augmentation  system 
TAS  true  airspeed,  knots 
Ve  equivalent  airspeed,  knots 
Vt  test  airspeed 
Vs  schedule  airspeed 
W  airplane  weight,  pounds 
/3  blade  angle 

front  propeller  tilt  angle,  degrees 
cr  relative  air  density  ratio 

Subscripts 

N  at  propeller  nacelle,  total  Nr  at  a  rear  propeller  t,  test  value 

Np  at  a  front  propeller  nacelle  S  standard,  and  schedule 


SECTION  XII 


FLIGHT  TEST  SUMMARY 


1 ,  INTRODUCTION 

This  section  summarizes  the  activities  of  the  X-19  Category  1  Flight  Test 
Program  under  Item  2  of  the  Contract  (94),  which  stipulates  the  flight 
demonstration  and  test  requirements  to  be  met  by  the  X-19  aircraft.  Fifty 
flights  were  completed  in  accordance  with  the  plained  procedures.;  Flight 
tests  performed  were  all  within  the  Flight  Capability  Demonstration  as  de¬ 
fined  in  the  latter  referenced  report. 

The  purpose  of  the  Flight  Capability  Demonstration  flight  tests  is  to 
demonstrate  the  ability  of  the  airplane  to  make  sustained,  controlled 
hovering  maneuvers  and  then  to  progress  with  gradually  increasing  nacelle 
tilt  to  demonstrate  the  transition  to  cruise  flight. 


In  support  of  the  flight  test  operation,  two  airplanes  were  operated 
during  the  vehicle  test  p/ogram.  Ground  Run  and  tie  down  tests  took  a 
total  of  134  hours,  4^  hours  on  X-19  aircraft  Serial  No.  62-12198  and  129^ 
hours  on  X-19  aircraft  Serial  No.  62-12197.  .'he  latter  aircraft  was  used 
in  all  flights.  Its  total  flight  time  was  3  hours  45  minutes,  of  which 
3  hours  38  minutes  was  under  Item  2  of  the  subject  contract. 


During  the  series  of  test  flights  with  X-19  Serial  No.  62-12197  the  Flight 
Capability  Demonstration  itr  s  in  hovering  flight  were  completed  and  suc¬ 
cessfully  demonstrated.  Also,  the  flight  envelope  in  the  conversion/ 
reconversion  mode  had  been  extended  to  100  knots  with  the  nacelles  tilted 
down  to  45°.  STOL  tests  were  made  at  lift-off  and  touch-down  airspeeds  of 
up  to  60  knots. 

During  Flight  No.  50,  on  a  flight  programmed  for  conversion  flight  maneu¬ 
vers  up  to  100  knots, failurt  on  No.  2  propeller  nacelle  casting  caused  the 
loss  of  that  propeller  and  the  aircraft  crashed  end  was  destroyed.  Both 
pilots  ejected  and  landed  safely  by  parachute. 

The  original  plans  for  the  flight  test  operation  called  for  X-19  Serial  No. 
62-12198  to  be  the  structural  test  airplan^.  Following  the  loss  of  X-19 
Serial  No.  62-12197  the  flight  test  plan  was  revised  so  that  the  remaining 
airplane  would  '-''mbine  all  remaining  flight  test  operations.  At  the  con¬ 
clusion  of  the  program  the  available  aircraft  was  in  preparation  for  flight 
test,  having  completed  its  transmission  green  runs  and  preflight  system 
tests;  no  test  operations  had  been  made  against  this  revised  plan. 
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2.  HISTORY  OF  X-19  TEST  FLIGHTS 


a.  Historical  Progression 

The  historical  progression  •.  f  flight  tests  on  X-19  Serial  No,  62- 
12197  is  shown  in  Table  XVIII.  This  tab  .e  lists  the  various  flighcs 
made  on  the  airplane  and  details  in  abbreviated  form  the  achieve¬ 
ments  of  each  flight.  Additional  details  of  any  flight  are  con¬ 
tained  in  Curt'iss-Wright  X-19  Flight  Test  Reports  Nos.  8  through 
50  pertaining  to  Flight  Nos.  8  tnrough  50  respectively.  For  hist¬ 
orical  completeness,  data  have  been  tabulated  from  Flight  No.  1, 
and  the  tabulation  includes  a  breakdown  by  Ground  Run  numbers  for 
ground  tests  performed  between  flights.  The  ground  tests  supported 
the  flight  test  program  by  basically  serving  as  a  pre-flight  check¬ 
out  of  the  airplane  and  its  systems.  The  X-19  ground  run  reports 
for  each  specific  run  number  list  the  alterations  to  the  airplane 
prior  to  each  run,  the  tests  performed,  qualitative  test  results, 
and  the  discrepancies  discovered  during  the  run, 

b.  Simplified  Flight  Test  Schedule  at  Curtiss-Wright 

A  simplified  schedule  of  flight  ests  is  shown  in  Figure  306, 
which  assigns  tests  against  batches  of  flights  in  a  calendar  time 
versus  Flight  Number  presentation.  From  this  presentation  it  is 
convenient  to  consider  tne  overall  operation  in  several  discrete 
phases : 

(1)  Flight  Nos.  8  thru  19: 

Initial  development  of  Pilot's  hovering  ability,  including 
limited  translation  maneuvers.  These  flights,  totalling  70 
minuces  flying  time  and  25  lift-offs,  were  made  without  the 
S  . A.S  ..  operative. 

As  experience  was  developed  and  the  airplane  could  be  control¬ 
led  in  steady  hovering  flight,  the  duration  of  flights  in¬ 
creased  and  simple  local  hovering  maneuvers  were  performed 
experimentally.  Hovering  spot  tur^s  were  made  to  left  and 
right  and  the  airplane  translated,  at  hover  nacelle  angle, 
forwards,  rearwards  and  sideways.  The  airplane  was  hovered 
at  heights  ranging  from  .5  to  25  feet  to  evaluate  ground 
effects.  Flight  No.  19  was  a  summary  flight  during  which  all 
the  maneuvers  previously  explored  were  performed  successively. 

(2)  Flights  No.  20  thru  22: 

Commencing  with  Flight  No.  20  the  stability  augmentation  sys¬ 
tem  was  switched  on  and  evaluations  made  of  its  influence  on 
airplane  handling  and  stability.  Flights  Nos.  20  and  21  were 
made  with  both  pitch  and  roll  S.A.S..  channels  activated  selec¬ 
tively.  The  pilot  was  not  able  to  detect  any  significant  '_m- 
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Table  XVI11.  Continued 
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Flight  Test  Schedule  at  NAFEC 


All  of  the  above  flights  and  the  first  262  ground  runs  were  made 
at  the  Caldwell-VJright  Airport  at  Caldwell,  New  Jersey.,  In  view 
of  the  limitations  of  this  airport  as  a  test  site  for  cruise  flight 
tests,  the  test  program  was  transferred  to  the  Federal  Aviation 
Agency  National  Aviation  Facilities  Experimental  Center  at  Pamona, 
New  Jersey.  At  this  facility  there  was  a  10,000  foot  runway  avail¬ 
able  and  test  airspace  allocation  adjoining  the  airport. 

During  the  ensuing  flight  tests  at  N.A.F.E.C.  a  company  co-pilot 
was  added  to  the  flight  crew,  all  previous  flights  having  been 
made  with  one  pilot  only,  except  on  Flights  Nos.  36  and  37  when 
a  military  co-pilot  was  carried.  Subsequent  flight  test  phases 
were: 

(1)  Flight  Nos.  38  and  39: 

These  flights  were  made  to  refamiliarize  the  pilot  and  evalu¬ 
ate  the  electronic  S.A.S.  performance  in  translation  flight. 

It  was  established  that  airplane  operation  was  normal  after 
its  rebuild  following  shipment  to  N.A.F.E.C., 

(2)  Flights  No.  40  thru  43:, 

Conversion/reconvtrsion  maneuver  runs  were  made  along  runways 
starting  and  finishing  in  hover  flight,  with  the  nacelles 
being  tilted  down  to  accelerate  the  airplane.  Maximum  air¬ 
speed  reached  was  advanced  on  successive  runs  from  20  knots 
at  90°  nacelle  angle  to  62  knots  at  82°  nacelle  angle. 

(3)  Flight  No.  44: 

A  series  of  ST0L  type  take-offs  and  landings  were  performed 
at  airspeeds  from  20  to  60  knots.  In  each  run  the  nacelle 
angle  appropriate  to  the  target  aii speed  was  pre-set  before 
take-off.  As  take-off  power  was  applied  the  airplane  was  al¬ 
lowed  to  roll  forward.  As  it  accelerated  through  the  target 
take-off  speed  the  nose  was  raised  and  sufficient  power  added 
to  take-off  as  near  to  the  target  airspeed  as  possible. 

After  a  brief  stabilized  period  of  level  flight,  power  was 
reduced  and  a  landing  made.  After  landing  the  nose  wheel 
was  lowered  onto  the  ground,  a  further  power  reduction  made , 
the  nacelles  tilted  up  and  the  airplane  braked  to  a  stop. 

(4)  Flight  No.  45  thru  49:, 

Further  extension  of  the  conversion/reconversion  maximum  air¬ 
speed  was  developed  in  Flights  Nos.  45  through  49.  This  was 
accomplished  via  a  STOL  take-off  at  60  knots  and  77°  nacelle 
tilt  to  achieve  the  initial  acceleration.. 


Further  in-flight  nacelle  tilt  was  performed,  to  accelerate 
to  70  and  80  knots  airspeed  on  successive  flights.  The  recon¬ 
version  decelerating  maneuver  was  made  by  tilting  the  nacelles 
up  to  hover,  prior  to  a  hovering  landing.  Turns  were  made  at 
60  knots,  following  the  runway  pattern  45°  right,  90°  left  and 
45°  right  again.;  Well  coordinated  turns  at  approximately  11° 
bank  angle  were  made  in  both  directions.  On  another  run  the 
propeller  speed  was  changed  in  flight  at  50-60  knots  from 
hover  speed  98.57,  ^ito  transition  speed  88%  ^.and  back 
again.  A  reduction  in  power  setting  required  for  level  flight 
was  observed  as  the  propeller  speed  was  reduced.  During 
Flight  No.  49  a  maximum  stabilized  airspeed  of  80  knots  was 
achieved  with  a  nacelle  angle  of  65°. 

(5)  Flight  Ho.  50: 

This  last,  and  catastrophic,  flight  of  X-19  Serial  No.  62- 
12197  is  of  special  interest  in  a  historical  context.  There¬ 
fore  it  is  chronicled  here  in  greater  detail  than  the  earlier 
flights  for  the  sake  of  a  complete  record. 

It  was  agreed  with  the  Air  Force  that  Flight  No.  50,  planned 
to  extend  conversion  maneuvers  to  90  and  100  knots,  should  be 
flown  as  an  airfield  circuit.  Accordingly  Flight  No.  50, 
commencing  with  a  60  knot  STOL  take-off,  was  prrgressed  with 
a  climb  to  1,000  feet  at  80  knots.  This  was  followed  by  runs 
down  the  field  at  90  and  100  knots  on  a  racetrack  or  oval  pattern 
The  following  description  of  Flight  No.  50  is  taken  from  (95): 

"After  checking  all  instruments,  fuel,  tilt  position  of  77°, 
trim,  etc.,  power  was  advanced  and  the  aircraft  accelerated 
to  60  K,  the  predetermined  take-off  speed,  using  runway  No. 31. 

At  this  speed  a  small  rotation  was  made,  and  the  X-19  climbed 
to  a  height  of  30  feet.  The  nose  was  then  lowered,  tilt 
changed  to  65°  to  accelerate  to  80  K. 

"During  this  maneuver  some  altitude  was  lost,  but  otherwise 
the  stability  and  control  of  the  airplane  was  good.  A  steep 
climb  was  then  started  with  the  objective  of  reaching  1,000 
feet  altitude.  The  climb  was  actually  made  in  four  segments, 
the  last  phase  in  a  180°  climbing  turn.  During  the  climb, 
power  read  was  950  foot-pounds  and  R/C  was  800  to  1,000  fpm. 

This  compared  with  a  predicted  value  of  1,000  fpm  for  approxi¬ 
mately  1,000  foot-pounds  torque. 

"At  the  top  of  the  climb,  power  was  reported  to  be  reduced  to 
approximately  800  foot-pounds  torque  and  the  nacelles  reduced 
to  an  angle  of  55  degrees,  the  values  predicted  to  be  the 
90  K  level  flight  speed..  The  airplane  reached  a  speed  of 
90  K  with  the  pilot  estimating  an  angle  of  attack  change  from 
7°  at  80  K  and  65°  tilt, to  10°  at  90~K  at  55°  tilt.  Further, 


the  pilot  stated  that  the  stick  position  was  85  to  90  per 
cent  forward.  The  trim  was  still  believed  to  be  neutral. 
Because  of  the  'uncomfortable  feeling'  ,  tilt  was  brought 
back  to  an  angle  of  63  degrees  with  a  reported  reduction  of 
angle  of  attack  to  7  degrees,  and  the  flight  continued."  It 
should  be  noted  that  the  calculated  steady  state  flight  speed 
for  55°  tilt  is  90  K  at  10°  angle  of  attack  with  a  neutral 
stick."  This  last  note  is  incorrect..  If  on  the  tilt  velocity 
schedule  the  stick  shouLd  be  at  about  70%  forward.  If  one  ac¬ 
counts  for  the  deviations  in  power,  c.g.  and  velocity,  the 
predicted  position  will  fall  in  the  vicinity  of  85%  to  90% 
forward . 

Returning  to  the  quoted  text: 

"During  the  90  K  downwind  leg  of  the  flight,  the  aircraft  was 
maintained  under  good  control,  and  its  stability  appeared  to 
be  satisfactory.  The  altitude  varied  from  1,000  to  1,300  feet 
with  the  speed  varying  from  95  K  to  105  K.  See  Figure  307 
and  308  for  a  time  history  of  velocity  and  altitude. 

"Due  to  positive  indications  from  temperature  warning  lights, 
it  was  decided  to  terminate  the  flight.  At  this  point  the 
aircraft  was  operating  at  a  speed  of  105  K  and  an  altitude  of 
1,100  ft.  Power  was  reduced,  and  the  aircraft  descended  with 
an  ever-tightening  right  turn.  During  the  right  turn  the 
runway  was  missed,  and  the  turn  was  continued  crossing  runway 
No. 31  at  right  angles,  approximately  900  feet  from  its  end. 

The  turn  and  rate  of  descent  were  held  until  the  aircraft  was 
approximately  60  feet  off  the  ground.  It  appeared  to  the  co¬ 
pilot  that  a  landing  was  intended  at  this  point.  The  speed 
was  approximately  85  K,  and  the  rate  of  descent  was  1,100  to 
1,200  fpm.  At  this  point  the  co-pilot  applied  nearly  full 
power,  the  aircraft  rotated  approximately  10  to  15  degrees, 
and  a  climb  rate  of  as  high  as  1,400  ft/min  was  encountered. 

"During  the  climb,  the  power  was  apparently  maintained,  and 
the  speed  increased  to  120  K.  At  the  time  of  the  power  ap¬ 
plication  the  blade  angle  increased  through  the  dead  zone  of 
the  rate  limiter  so  that  the  RPM  increased.  The  RPM  increased 
to  approximately  103%  N2  and  was  then  controlled  by  the  fuel 
topping  governor. 

"The  aircraft  was  levelled  off  at  an  altitude  of  400  feet, 
and  the  right  turn  continued.  Three  to  four  seconds  after 
the  top  of  the  t  m,  No.  2  propeller  left  the  airplane.  This 
caused  the  airplane  to  roll  left  and  pitch  up.  After  rolling 
approximately  40  degrees,  the  No.  1  propeller  left,  and  the 
roll  rate  increased.  Propellers  No.  3  and  4  then  were  torn 
off  the  airplane  due  to  the  high  rate  ol  rotation  at  an  angle 
of  approximately  90’  from  the  vertical.  Then  at  a  roll  angle 
of  200  to  210  degrees  measured  clockwise  from  the  front,  and 
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with  the  aircraft  at  400  ft.  travelling  at  approximately  120 
knots,  the  two  pilots  ejected,  almost  simultaneously,  success¬ 
fully.  The  aircraft  continued  to  roll,  finally  ending  up  in 
a  nearly  vertical  dive  and  crashing  into  a  swamp  with  fire  on 
impact.  The  pilots  landed  ahead  of  the  aircraft  with  miner 
injuries  probably  received  on  ejecting." 

Subsequent  to  the  crash  on  Flight  No.  50  an  analysis  of  photo 
theodolite  records  and  photographs  indicated  that  the  No.  2 
propeller  and  part  of  the  No.  2  propeller  nacelle  broke  off 
and  flew  clear  of  the  aircraft  at  the  top  of  the  climb-out. 

The  aircraft  commenced  to  roll  to  the  left  and  pitch  nose  up, 
and  in  the  ensuing  ma  ,_jver  all  of  the  other  propellers  and/or 
nacelles  broke  off.  ooth  parachutes  of  the  crew  deployed  at 
approximately  250  feet  and  the  pilots  landed  safely  and  essen¬ 
tially  uninjured.  The  airplane  crashed  approximately  500  feet 
away  from  the  crew  landing  point,  in  a  dried  out  reservoir  lake 
bed  within  the  N.A.F.E.C.  airport  boundary  fence.  The  air¬ 
frame  was  completely  destroyed  by  the  crash  impact  and 
the  resulting  fire. 

The  track  taken  by  the  aircraft  during  Flight  No.  50  and  the 
details  of  the  positioning  of  crashed  airplane  parts  are  shown 
in  (96)  and  (97),  and  are  also  graphically  presented  with  re¬ 
spect  to  time  for  climb  velocity  (Figure  309),  resultant  vel¬ 
ocity  (Figure  310),  in-flight  acceleration  (Figure  311),  verti¬ 
cal  acceleration  (Figure  312),  bank  angle  (Figure  313),  pitch 
angle  (Figure  314),  roll  rate  (Figure  315),  front  and  rear 
nacelle  angles  (Figure  316  )  and  excess  thrust  horsepower  ab¬ 
sorbed  (Figure  317),  all  for  the  moments  just  before  the  crash. 
Additional  theodolite  data  are  plotted  and  presented  in  (95). 
These  maps  and  photographs  were  supplied  to  the  Air  Force 
Accident  Board  of  Inquiry  immediately  after  the  crash. 

d.  Aircraft  Used  in  Flight  Tests 

The  total  flight  time  on  X-19  Serial  No.  62-12197  against  subject 
contract  (between  Flights  Nos.  8  and  50)  was  3  hours  44  minutes.  A 
total  of  84  lift-offs  were  made.  Figure  318  shows  the  airplane  at 
approximately  1,000  feet  at  90  knots  during  Flight  No.  50.  Further 
discussion  of  this  flight  appears  in  Sections  XII, 5.  and  XII, 6.  of 
this  report.  Flights  No.  1  thru  7,  conducted  with  this  aircraft, 
were  performed  under  Contract  AF  33 (657) -8665 ,  Part  I  (a),  Item  2.d, 
and  are  summarized  in  Curtiss-Wright  Report  014-496.  Figure  319 
depicts  the  airplane  hovering  during  one  of  these  flights. 


The  second  airplane  X-19  Serial  No.  62-12198  did  not  make  any 
flights  against  the  subject  contract  (94),  but  some  significant 
ground  tests,  particularly  those  on  updated  components,  were  made 
during  its  ground  runs. 
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Counter  Number 


light  No. 50,  climb  velocity  vs  time  (Theodolite 
1  Data)  . 


Reaultant  Velocity  V  -  ft/sec 


Counter  Number 


44  40  36  32  28  24  20  16  12 

Seconds  Before  Impact 


Figure  310.  X-19  Flight  I  >.50,  resultant  velocity  vs  time 

(Theodolite  Digital  Data). 
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Counter  Number 


X-19  flight  number  50,  in-flight  acceleration  vs  time 
(Theodlite  Digital  Data) . 


Counter  Number 


Figure  312.  X-19  flight  number  50,  vertical  acceleration  vs  time 

(Theodlite  Digital  Data),. 


Figure  313.  X-19  Flight  No. 50,  bank  angle  (Theodolite  film  data) 
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Number 


No.l  Prop  Depart 


Counter  Number 


X-19  flight  number  30,  front  and  rear  nacelle  angles  (Theodlite 
Film  Data) . 


Counter  Number 


720  725  730  735  740  745  750 


Seconds  Before  Impact 


Figure  317.  X-19  flight  number  50,  excess  thrust  horsepower  absorbed  along 

the  vertical  axis  (Average  Theodlite  Trace  and  Digital  Data). 

67-2290  561 


M-26S 
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Figure  318.  X-19  S/N  62-12197  in  conversion  flight  at  90  knots. 


3,  A T RC RA FT  CONFIGURATION  VS  'J  IMF. 


The  X-I9  flight  test  summary  is  contained  and  derailed  in  (98),  Table 
XVIJIof  the  present  report  lis,s  the  historical  progression  cf  fl  •  grit 
tests  on  X - 1 9  Serial  No.:  62-12197,  as  obtained  from  that  reference.  The 
test  aircraft  underwent  successive  modifications  during  the  flight  test 
program  variously  for  correcting  malfunctions  and  for  improving  upon  its 
design.  This  section  enumerates  those  configuration,  change  s'  to  the  air¬ 
craft . 


a.  Aircraft  at  Beginning  of  Flight  X 

The  configuration  of  the  test  air 
at  Flight  No.  8  was  as  defined  be 

A.  X-19  Serial  No.  62-12197  built  \ 
to  Drawing  No.  200-000001. 

B.  Plus  all  VTOL  Systems  Division 
ECNs  through  6338  which  are 
applicable  to  X-19  Serial  No. 

62- L2 197 

C,  Plus  all  Curtiss  Division  ECNs 
through  30886  which  are  appli¬ 
cable  to  X-19  Serial  No.  62- 
12197.; 

D,  Minus  the  VTOL  Systems  Division 
Quality  Department's  listing 

of  "Open  ECNs  on  X-19  Serial 
No.  62-12197  as  of  August  7, 

1964'.' 

E,  Minus  all  Curtiss  Division 
ECNs  and  VTOL  Systems  Division 
Mechanical  Systems  ECNs  appli¬ 
cable  to  X-19  Serial  No,  62- 
12197  which  were  still  un¬ 
accomplished  at  August  7,  1964. 

F.  Plus  the  changes  prior  to 
Ground  Run  or  Flight  listed 

in  Ground  Run  Nos.  154  through 
159. 


.  8 

raft  at  the  commencement  of  tests 
ow: 

Defines  what  the 
airplane  should  be 
if  current  with  the 
drawing  system  as  of 
August  7,  1964. 

Defines  which  airframe 
ECNs  were  unaccomp¬ 
lished  as  of  August  7,. 
1964. 

Should  define  ail  mech¬ 
anical  systems  ECNS  which 
were  still  unaccomplished 
as  of  August  7,  1964. 

Defines  the  Flight  Test 
and  ECN  changes  between 
August  7,  .964  and  Flight 
No.  8. 
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Plus  the  changes  other  than  ECN? 
listed  in  Ground  Run  Reports 
through  ho.  159  and  Flights 
through  No..  7, 


Defines  the  Flight 
Test  changes  to  the 
airplane  priur  to 

Flight  No.  8  .■ 


Configuration  Changes  During  ItvL  Program 

'fhe  changing  configuration  of  the  airplane  between  Flight  No.i 
and  Flight  No.,  50  is  reported  in  chronologically  successive  Flight 
and  Ground  Run  Reports.  Most  c*  the  significant  configuration 
charges  may  be  considered  as  they  occurred  between  the  phases  of 
flights  listed  in  the  preceding  subsection.  The  changes  considered 
most  important  with  respect  to  their  impact  on  the  flight  test 
program  are  listed  below,  as  accomplished  prior  to  the  given  Run 
numbers . 


Prior  to  Ground  Runs  Nos.-  1-70 

(1)  Modified  aft  tee  box  lubrication  system. 

\2)  Repaired  propeller  pitch  control  coordinator  nacelle  tilt  and 
collective  functions. 

(3)  Installed  improved  engine  inlet  plenum  chamber  door  hinges. 

(4)  installed  improved  propeller  pitch  control  bungees  (Part  No. 
734085) 

(5)  Installed  flight  test  debris  screens  over  engine  inlet  plenum 
chamber  doors.: 

(6)  Temporarily  stiffened  left  hand  throttle  levers. 

(7)  Replaced  all  propeller  pitch  control  rod  with  new  rods  having 
1/4  inch  threaded  ends. 

Prior  to  Ground  Runs  Nos.  71  -  149 

(1)  Repa'red  damaged  landing  gear  components  and  aircraft  sheet 
metal  parts  damaged  by  collapse  of  the  left  hand  main  gear  on 
Flight  No.  1. 

(2)  Installed  new  design  elevators. 

(3)  Modified  elevator  boost  system. 

(4)  Replaced  static  inverters  with  rotary  inverters. 

(5)  Modified  all  of  the  power  transmission  gear  boxes. 


(6)  Installed  improved  power  transmission  shafts. 

(7)  Modified  engine  fuel  controls. 

(8)  Modified  fire  extinguisher  nozzles. 

(9)  Modified  engine  inlet  plenum  chamber  doors, 

(10)  Modified  wing  flap  droop  schedule. 

(11)  Modified  propeller-nacelle  assemblies. 

(12)  Reworked  main  landing  gear  retraction  system. 

(13)  Rotated  pitot's  stick  grip  19% 

(14)  Installed  beefed  up  left  hand  throttles. 

(15)  Reworked  nacelle  tilt  system.; 

(16)  Stiffened  aileron  hinge  bracket. 

f 17)  Installed  a  secondary  roll  boost  system. 

(Id)  installed  beefed  up  propeller  pitch  control  hangers. 

(19)  Modified  nose  wheel  steering  system. 

(20)  Modified  pilot's  stick  feel  spring  mechanism. 

(21)  Reworked  propeller  pitch  coordinator  and  roll  trim  assembly. 

(22)  Modified  fuel  system  to  feed  both  engines  from  the  forward 
left  hand  tank. 

(23)  Modified  primary  hydraulic  system  relief  valve. 

(24)  Modified  aft  tee  box  cooling  air  ducting. 

(25)  Increased  lateral  stick  travel  to  +  5  inches. 

Prior  to  Ground  Runs  Nos.  150  -  155 

(1)  Repaired  pitch  S.A.S.  gyro  unit. 

(2)  Installed  new  pilot's  stick  roll  feel  spring. 

(3)  Removed  dorsal  fairing  to  improve  aft  tee  box  cooling. 
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Prior  to  Ground  Runs  Nos.  156  -  158 


(1)  Replaced  the  No.  2  propeller  assembly. 

(2)  Replaced  No.,  2  engine  fuel  control  to  correct  a  fuel  leak. 
Prior  to  Ground  Run  No,  159 

(1)  Reduced  pilot's  roll  feel  spring  breakout  force  to  approxi- 
mately  one  pound. 

(2)  Repaired  damaged  A.P.U.  clutch  assembly. 

(3)  Zero  timed  the  accessory  drive  gear  box. 

Prior  to  Ground  Run  No.  160  -  None 

Prior  to  Ground  Run  No.  161  -  None 
Prior  to  Ground  Run  No.  162 

(1)  Reduced  roll  feel  spring  rate. 

(2)  Installed  reworked  roll  S.A.S.  gyro  unit. 

Prior  to  Ground  Run  No.  103  -  None 

Prior  to  Ground  Runs  Nos.  164  -166 

(1)  Increased  gain  of  roll  S.A.S.,  by  a  factor  of  2.5. 

Prior  to  Ground  Runs  Nos.  167  -  200 

(1)  Installed  an  improved  propeller  coordinator. 

(2)  Re-rigged  the  propeller  control  linkage  of  all  four  nacelles 
in  the  laboratory  whirl  booth., 

(3)  Installed  new  propeller  blades  on  Nos.  1,  3,  and  4  propellers. 

(4)  Installed  calibrated  engines. 

(5)  Inspected  transmission  system. 

(6)  Modified  fire  extinguisher  system. 

(7)  Modified  the  aft  tee  box  cooling  air  inlet  ducts  and  exhaust 
system.. 

(8)  Swapped  the  aft  tee  box  and  several  aft  tee  box  cooling  com¬ 
ponents  around  during  the  aft  tee  box  cooling  evaluation. 


(9)  Modified  aileron  droop  linkage. 

9)  Modified  elevator  control  system., 

(11)  Modified  landing  gear  retraction  mechanism.; 

(12)  Made  electrical  modifications  to  the  control  sticks.; 

(13)  Improved  the  secondary  hydraulic  system.. 

(14)  Installed  new  flaperon  binge  brackets. 

(15)  Modified  roll  control  and  pitch  S.A.S.,  ..rcuits  in  propeller 
coordinator . 

(16)  Installed  modified  roll  and  pitch  stick  feel  springs. 

(17)  Installed  the  latest  change  pitch  and  roll  S.A.S.  gyro  units 

(18)  Repaired  broken  "auto  trim  cam"  by  replacing  coordinator. 

(19)  Replaced  the  coordinator  input  roll  trim  assembly  with  a 
bungee  assembly. 

(20)  Installed  emergency  nose  gear  extension  system. 

(21)  Installed  new  nacelle  gear  sets. 

Prior  to  Ground  Runs  Nos.  201  -  212 

(1)  Pitch  and  roll  S.A.S.,  gyro  units  modified. 

(2)  Inspected  transmission  system  gear  boxes  and  replaced  No.  3 
nacelle  gear  set.; 

,.3)  Modified  nose  wheel  steering  system. 

(4)  Installed  improved  nacelle  tilt  drive  shafts. 

(5)  Replumbed  fuel  system  back  to  having  both  forward  fuselage 
fuel  tanks  in  operation.. 

(6)  Stiffeners  added  to  S.A.S.  gyro  units.. 

Prior  to  Ground  Runs  Nos.  213  -  221 

(1)  Modified  nose  wheel  steering  system.- 
Prior  to  Ground  Runs  Nos  222  -  227 

(l)  Repaired  broken  "auto  trim  cam"  and  installed  modified  S.A.S 
gyro  units  by  replacing  the  coordinator. 
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Prior  to  Ground  Runs  Nos.  228  -  231 


(1) 

Aft  fuselage  externa 

1 

skin 

repaired 

as  a 

result 

of  tail 

striking 

runway  duri 

ng 

high 

speed 

taxi  runs. 

(2) 

Install ed 
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in 
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nacelle 
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draulic  supply  line 

to 

s  1  ov 

down 

nac 

:  e  1 1  e 

tilt  rate. 

Prior  to  Ground  Runs  Nos.  232  -  239 

(1)  Installed  a  larger  main  tear  retraction  cylinder. 

(2)  Improved  the  decouplir  portion  of  the  electrical  nacelle 
tilt  system.: 

(3)  Repaired  broken  A.P.l’..  clutch. 

(4)  Replaced  the  roll  S.A.S.  gyro  with  Part  No.  170858-M  unit., 

(5)  Removed  damaged  nose  gear  doors  and  set  up  landing  gear  for 
fixed  gear  operation. 

Prior  to  Ground  Runs  Nos.  240  -  262 

(1)  Installed  two  new  forward  nacelle  assemblies  with  "Standard¬ 
ized"  propeller  pitch  control  linkages. 

(2)  "Standardized"  the  propeller  pitch  control  linkages  on  the 
two  rear  nacelles. 

(3)  Completed  the  addition  of  an  emergency  nose  gear  extension 
system  (blowdown  bottle). 

(4)  Installed  redesigned  aileron  hinge  bracket.; 

(5)  Incorporated  a  fuel  boost  pump  fuel  bypass  and  pressure 
warning  system  in  the  two  forward  fuel  tanks.- 

(6)  Capped  off  the  No.  2  fuel  outlet,  converting  the  fuel  sys¬ 
tem  back  to  a  single  sump  tank  (left  hand  forward)  system. 

(7)  Due  to  propeller  failure  on  Run  No.  242,  removed  all  four 
propeller  assemblies  and  installed  ground-test-only  propel¬ 
ler  on  the  rear  nacelles.  Run  Nos.  243  through  246  were 
conducted  with  rear  propellers  only. 

(8)  Installed  the  main  gear  emergency  extension  system  (blow¬ 
down  bottle) . 

(9)  Removed  airconditioning  system  to  save  weight. 
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(10)  Modified  forvard  elevator  boost  actuator  to  improve 
stability. 

(11)  Installed  steel  throttle  levers. 

(12)  Reworked  aileron  droop  mechanism  to  eliminate  free  play  and 
stiffen  mechanism. 

(13)  Stiffened  the  aileror  control  system. 

(14)  Stiffened  the  main  landing  gear  structure. 

(15)  Increased  roll  boost  actuator  output  force.- 

(16)  Modified  nose  gear  emergencv  extension  system. 

(17)  Incorporated  modifications  to  provide  retractable  landing 
gear. 

(18)  Improved  the  electrical  nacelle  tilt  system. 

(19)  Increased  aileron  travel. 

(20)  Installed  electronic  S.A.S.-  system. 

(21)  Installed  propellers  on  forward  nacelles  (All  runs  subsequent 
to  Run  No.  246  had  all  four  propellers  installed).. 

(22)  Installed  propeller  pitch  control  trimmers  (for  lateral  torque 
balance) .. 

(23)  Incorporated  variable  stick  force  gradient  system. 

(24)  Incorporated  anti-surge  tanks  within  the  forward  fuselage 
fuel  tanks. 

(25)  Incorporated  height  control  system., 

(26)  Prior  to  Run  No.  254,  replumbed  the  fuel  system  back  to  the 
normal  two  tank  operation  (both  forward  tanks  feeding 
engines) . 

Prior  to  Ground  Runs  Nos.  263  -  265 

(1)  Aircraft  was  partially  disassembled  to  truck  it  to  Atlantic 
City,  New  Jersey,  and  then  reassembled. 

(2)  Removed  the  instrumentation  photo  recorder. 

(3)  Increased  the  pilot's  stick  breakout  forces  to  approximately 
1.5  pounds  in  pitch  and  roll. 
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Prior  to  Ground  Runs  Nos.  266 


?67  -  None 


Prior  to  Ground  Runs  No.-  268  -  2o9 
(1)  Removed  the  main  gear  doors - 

c.  Configuration,  at  Flight  Nc.:  50.. 

At  the  conclusion  o:  the  flight  tests,  Flight  No,.  50,  the  con¬ 
figuration  was  as  defined  below:. 

A.  X-19  Serial  No.  62-12197  built  to  Drawing  No.  200-000001. 

B.  Pius  all  VTOL  Systems  Division  ECNs  through  3546  which  are 
applicable  to  X-19  Serial  No..  62-12  197. 

C . ,  Plus  all  Curtiss  Division  ECNs  through  32135  which  are  appli¬ 

cable  to  X-19  Serial  No.  62-12197, 

D.  Minus  the  V 1 01.  Systems  Division  Quality  Department's  listing 
of  "Owen  ECNs  on  X-19  Serial  No..  62-12197  as  of  August  24, 

1965 

E.  Minus  all  Curtiss  Division  ECNs  and  VTOL  System  Division 
mechanical  systems  ECNs  applicable  to  X-19  Serial  No.  62- 
12197  which  were  still  unaccomplished  at  August  24,  1965. 

F.  Plus  the  changes  prior  to  Cround  Run  or  Flight  listed  in 
Ground  Run  Reports  Nos  268  and  269,  .•  nd  Flight  Report  No.  50. 

G.  Plus  the  changes,  other  than  ECNs,  listed  in  Ground  Run  Re¬ 
ports  through  No.  269  and  Flight  Reports  through  No.  50. 

d.  Flight  Test  Instrumentation  Through  Flight  No.  37. 

Flight  test  instrumentation  carried  on  the  airplane  throughout 
the  tests  comprised  one  50  channel  CEC  Type  5-119P3-50  oscil¬ 
lograph.  Between  Flights  Nos.  23  and  36  a  photo  panel  was  car¬ 
ried.  Parameters  recorded  were  generally  in  accord  with  the  in¬ 
strumentation  called  out  in  the  specifications.  Typical  instru¬ 
mentation  parameters  recorded  on  the  oscillograph  are  shown  in 
Table  XIX.  The  breakdown  of  the  multiplexed  temperature  para¬ 
meters  which  were  recorded  on  one  oscillograph  channel  is  shown 
in  Table  XX.  The  photo  panel  was  used  to  record  the  parameters 
listed  in  Table  XXI 

e.  Flight  Test  Instrumentation  at  NAFEC 

The  majority  of  flights  made  at  NAFEC  were  covered  by  the  photo¬ 
theodolite  tracking  system  which  is  a  local  F.A.A.  facility. 

From  this  system  a  readout  was  available  of  instantaneous  airplane 
position  and  velocity  components.  In  addition,  a  35  ram  movie 
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Table  XIX.  Typical  multiplexed  temperature  record  schedule. 
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Table  XX.  Typical  test  instrumentation  oscillograph  schedule 


Table  XXI.  Typical  X-19  S/N  62-12197  photo  panel  parameter  schedule 


Layout  No.  1  Date  9/15/64 

Run  No.  168  thru  174  Flight  No.  _ ^ 


Hole 

No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 


Description 

No.  1  &  No.  2  Nacelle  Oil  Pressure  Indicator 
No.  3  &  No.  4  Nacelle  Oil  Pressure  Indicator 
No.  1  &  No.  2  Location  ECGB  Pressure  Indicator 
Fwd.  &  Aft  T-Box  Oil  Pressure  Indicator 


APU  Oil  Pressure  (Prior  To  Run  175) 

Airspeed  Low  Range 

Airspeed  Standard 

Altimeter 

R/C  Indicator 

Fuel  System  Diff.  Pressure 


OAT  Indicator 

Camera  Frame  &  Footage  Counter 
Flight  Card 

8  Day  Clock  &  Stop  Watch 
Alighting  Gear  Lift-Off  Lights 

N^  Tach.  Indie.  L.  H.  Eng. 

N2  Tach.  Indie.  L.  H.  Eng. 
Torque  L.  H.  Eng. 

Fuel  Flow  L.  H.  Eng. 

EGT  L.  H.  Eng. 

Fuel  Pressure  L.  H.  Eng. 

N^  Tach.  Indie.  R.  H.  Eng. 

N2  Tach.  Indie.  R.  H.  Eng. 
Torque  R.  H.  Eng. 

Fuel  Flow  R.  H.  Eng. 

EGT  R.  H.  Eng. 

Fuel  Pressure  R.  H.  Eng. 
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film  was  taken  through  each  of  three  tracking  cameras,  at  five 
frames  per  second. 
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4.  AIRCRAFT  PERFORMANCE  RESULTS  USING  STEADY  STATE  DATA 

a.  Overall  Airplane  Performance  From  Flight.  Tests 

Overall  airplane  pe* formance  test  data  were  derived  from  selected 
flights  throughout  the  flighc  capability  demonstrations.  The  air¬ 
craft  was  operated  at  weights  ranging  from  11500  lb.  through 
13000  lb.  with  the  center  of  gravity  between  40.87.  and  44.17.  of 
the  aerodynamic  chord.  Most  flight  conditions  suitable  for  use 
as  performance  data  points  were  held  for  such  short  periods  that 
the  accuracy  of  derived  data  was  poorer  than  would  have  been 
achieved  by  specific  performance  tests.  These  were  scheduled 
for  later  sections  of  the  Flight  Test  Program.  Predicted  overall 
aircraft  performance  was  extensively  documented  in  the  X-19  Aero¬ 
dynamic  Performance  Summary  Report,  (reference  99). 

b.  Hovering  Performance 

Hovering  performance  was  found  to  substantiate  data  previously 
recorded  during  tiedown  tests.  Limited  hovering  at  various  heights 
in  ground  effect  supported  predictions  of  a  favorable  ground  effect. 
However,  operation  within  ground  effect  had  unfavorable  effects  on 
airplane  controlability. 

c.  Conversion/Reconversion  Flight  Maneuvers 

Conversion/ reconversion  flight  maneuvers  have  been  analyzed  to 
assess  the  variation  of  airplane  performance  with  forward  speed. 
These  data  have  been  presented  as  transient  and  steady  powers 
required  versus  airspeed  and  may  be  compared  with  design  estimates. 

d.  Power  Required 

In  general  there  is  good  agreement  with  power  estimates  at  low 
airspeeds  when  operating  near  the  theoretical  nacelle  tilt-airspeed 
schedule,  but  as  airspeed  was  increased  above  50  kts.  the  power 
required  tended  to  be  less  than  estimated,  by  some  257.  at  80  kts. 

The  split  in  tital  power  between  front  and  rear  nacelles  agrees 
with  the  estimates  up  to  5  knots,  above  which  the  front  propellers 
require  significantly  less  power  than  estimated,  although  the 
rear  propellers  data  agree  closely  with  estimates. 

Analvsis  of  X-19  Power  Required  based  on  Category  1  flight  rest 
results  was  made.  From  this  a  useful  prediction  method  is  shown 
for  determining:  (1)  total  power  required  versus  velocity,  and 
(2)  front  and  rear  propeller  power  required  versus  velocity. 
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The  data  analyzed  herein  were  obtained  during  Category  1  flight 
testing  of  X-19  S/N  12197  and  covered  the  range  of  steady  level 
flight  speeds  given  in  Figure  120.  The  accuracy  of  the  basic 
flight  test  data  is  estimated  .:v 


BHP  =  +  37 

V  =  +  37 

e  — 

W  +0.8.' 
t 

The  Method  of  Analysis  emplved  is  as  follows:' 

The  basic  flight  test  data  were  in  the  form  of  transverse  drive 
shaft  torque  for  a  variety  of  aircraft  weights,  ambient  temper¬ 
atures,  ambient  pressures,  indicated  airspeeds  and  propeller 
rotational  speeds.  It  was  desired  to  reduce  these  variable  to 
normalized  parameters  for  a  clear  and  concise  presentation  of 
power  required  versus  airspeed.  That  is,  it  was  desired  to  pro¬ 
duce  a  single  cune  that  represents  power  required  versus  velocity 
at  all  weights,  all  altitudes  and  all  temperatures. 

The  adopted  approach  to  analysis  was  that  of  PIW-VIW  format, 
where  the  indicated  power  and  indicated  airspeed  parameter  were 
defined  as  follows:' 


PIW 


V*  BHP 

(W  /  W  )  1,5 
t  s 


horsepower 


VIW  =  _ ======== 

V(wt  /  wj 


knots 


Once  the  PIW  versus  VIW  plot  is  determined  for  a  specific  air¬ 
plane,  the  BHP  vs.  TAS  plot  for  any  weight,  temperature  or  al¬ 
titude  may  be  found.  Such  a  plot,  however,  applies  only  to  sub¬ 
sonic  speeds  where  the  total  drag  is  the  sum  of  parasite  and 
induced  drag. 

The  following  nomenclature  is  used  within  this  paragraph: 


Symbols 

BHP 

L.C. 


TAS 

V 

e 

W 

cr 


brake  horsepower 

lift  chord  (=  274  in.),  distance  between  front 
and  rear  tilt  axis  along  a  fuselage  water  line, 
true  airspeed,  knots 
equivalent  airspeed,  knots 

airplane  weight,  pounds 

relative  air  density  ratio 

front  propeller  tilt  angle,  degrees 
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Test  Velocity  V  -  knots 


Schedule  Velocity  @  0„  Actual,  V  -  knots 

P  s 


Figure  320.  X-19,  flight  speed  range  tested  for  steady  level  flight,  test 

velocity  vs  scheduled  velocity. 


67-2295 
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Subscripts 

N 

at  propeller  nacelles,  total 

Np 

at  a  front  propeller  nacelle 

Nr 

at  a  rear  propeller  nacelle 

S 

standard,  and  schedule 

t 

test  value 

The  interested  reader  is  referred  to  AFFTC-TN-60-28  for  a  de¬ 
tailed  derivation  of  the  PIW-VIW  theory.. 

The  results  of  this  analysis  are  shown  plotted  in  Figures  321, 
322,  and  323  which  give  the  variation  wit!,  velocity  cf  total 
propeller  nacelle  input  power,  front  propeller  nacelle  input 
power  and  rear  propeller  nacelle  input  power,  respectively.  As 
noted,  these  plots  are  for  a  "standard”  weight  of  13,660  pounds, 
and  cover  a  velocity  range  from  zero  to  approximately  95  knots. 


Inasmuch  as  total  power  required  varies  only  slightly  with  c.g. 
location,  within  the  permissible  c.g.:  range  of  the  X-19,  Figure 
321  can  be  applied  to  all  c.g.  locations.  Front  and  rear  propeller 
power  requirements,  however,  are  very  largely  dependent  on  longi¬ 
tudinal  c.g.  location.  As  noted  on  Figures  322  and  323,  indivi¬ 
dual  propeller  powers  are  presented  at  only  the  41.5/.  L.C.:  c.g. 
location. 

For  identification,  all  test  points  plotted  are  designated  by 
listing  the  flight  number  followed  by  a  slash  and  the  run  number. 

(1)  Total  Power  Required 

Examination  of  Figure  321  shows  that  excellent  correlation 
exists  among  the  test  results.  Nearly  all  points  for  which 
the  test  airspeed  was  within  six  knots  of  that  scheduled 
for  the  particular  propeller  tilt  angle  employed  fall  within 
+  5%  band  of  the  curve  shown.  This  is  considered  very  satis¬ 
factory  in  view  of  the  magnitude  of  the  flight  test  data  ac¬ 
curacy.; 


Test  points  such  as  42/1,  42/2,  and  50  C/N  445  fall  substan¬ 
tially  above  the  curve  generated.  This  is  expected  and  pre¬ 
dictable  inasmuch  as  they  are  approximately  10,  20  and  25 
knots  respectively,  above  the  scheduled  airspeed  for  the  pro¬ 
peller  tilt  angles  flown. 

Also  spotted  on  Figure  321  are  the  flight  performance  pre¬ 
dictions  based  on  propeller  static  thrust  (whirl)  tests  obtained 
^t  both  Wright  Field  and  Curtiss-Wright  VTOL  Systems  Division 
and  from  wind  tunnel  model  test  results  al  the  scheduled  49 
and  85  knot  configurations. 
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Figure  323.  X-19,  test  rear  nacelle  power  required  for  steady  level  flight,  PIW^  vs  V1W 


As  can  be  noted,  the  power  '•equired  at  hover  is  within  2%  of 
the  prediction  based  on  Cur tiss-Wright  testing,  a  value 
within  the  range  of  flight  test  data  accuracy.  Wright  Field 
data  have  always  been  thought  to  have  a  1-2%  blockage  effect, 
which  again  seems  borne  out  by  this  analysis. 

The  wind  tunnel  results  show  excellent  agreement  with  flight 
test  at  49  knots,  but  are  poor  agreement  at  85  knots,  indicating 
too  great  a  total  power  required  by  some  33%  over  that  measured 
by  flight  test  results. 

The  disagreement  between  predictions  and  flight  test  at  85 
knots  is  perhaps  attributable  to  low  Reynolds  Number  scale 
effects  causing  che  model  testing  to  to  yield  lower  per¬ 
formance. 

(2)  Front  Nacelle  Power  Required 

Discussion  with  regard  to  the  resulting  front  nacelle  input 
power  required  shown  in  Figure  322  is  essentially  identical 
with  that  expressed  regarding  the  total  power  required, 

Figure  321.  It  should  be  noted  however,  the  envelope  of 
correlation  for  test  points  within  six  knots  of  schedule 
speed  has  expanded  to  +  10%  rather  than  the  +5%  in  the  case 
of  total  power.  Tnis  will  also  be  noted  when  examining  the 
rear  nacelle  powers  of  Figure  323. 

This  situation  exists  because  flight  i<"  never  completely 
smooth  and  free  from  atmospheric  turbulence,  causing  the  air¬ 
craft’s  stability  augmentation  system  (SAS)  to  feed  attitude 
control  signals  to  the  propeller.  This  is  accomplished  by 
varying  propeller  blade  angle,  thereby  altering  the  power  ab¬ 
sorption  of  the  individual  propellers.  It  is  felt  that  this 
SAS  activity  is  the  cause  of  the  expanded  correlation  en¬ 
velope. 

e.  Thrust  -  Power  Download 

Thrust  data,  obtained  with  the  aircraft  on  the  force  measuring 
rig,  does  not  isolate  the  contributions  of  wing  download  due  to 
propeller  slipstream  impingement  from  the  ground  proximity  effect.. 
In  ordor  to  reduce  the  recorded  values  to  coefficient  form  and 
compare  chem  with  estimated  data,  it  was  assumed  that  the  ground 
effect  cancels  the  download  and  the  recorded  lift  data  is  actually 
pure  thrust  data. 

The  incorporation  of  this  assumption  is  based  on  the  fact  that, 
at  the  particular  height  of  the  aircraft  on  the  force  measuring 
rig,  3  feet,  the  estimated  ground  effect  is  approximately  equal 
to  the  download,  11.5%  ground  effect,  8.3%  download. 
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Figure  324  shows  the  results  of  ground  run  No.  96  reduced  under  the 
above  assumption.  The  solid  line  is  the  isolated  propeller  perform¬ 
ance  predicted  by  Wright  Field  whirl  test  data.  The  front  propel¬ 
ler  thrust  vs.  powe*'  performance  is  seen  to  agree  fairly  well  with 
the  whirl  test  data  while  the  rear  propellers  exhibit  extensive  scat¬ 
ter.  The  converse  is  true  for  the  blade  angle  power  relationship; 
that  is,  considerable  scatter  on  the  front  propellers  and  good 
agreement  is  obtained  on  the  rear.  In  addition,  propeller  No.  1 
appears  tc  be  operating  about  3  degrees  below  the  expected  value  of 
blade  angle. 

This  apparent  contradic tion ,  agreement  between  thrust  and  power  and 
discrepancies  between  blade  angle  and  power,  or  vice  versa,  indicates 
discrepancies  due  to  instrumentation  error.  They  are  not,  deviations 
from  expected  values. 

Additional  thrust  power  data  has  been  obtained  from  Flights  No.  8, 

11,  12,  14,  16,  18,  19,  21  and  22.  These  flights  consisted  of 
either  steady  hovers  or  low  speed  translations.  Figure  325  pre¬ 
sents  the  recorded  values  of  total  thrust  and  total  power  obtained 
from  these  tests,  reduced  to  coefficient  form  and  compared  with 
Wright  Field  data.  In  determining  the  thrust  coefficient  the 
average  download  factor  of  8.87,  was  applied.  Since  torque  is  meas¬ 
ured  at  the  transverse  shafts,  a  1.5%  nacelle  gearbox  loss  was  ac¬ 
counted  for  in  the  power  coefficient.  Ground  effect  correction  is 
not  needed  in  Figure  325,  sime  all  test  points  were  taken  with  the 
aircraft  essentially  out  of  its  influence. 

During  the  later  stages  of  Flight  No.  50  severe  power  variations 
were  imposed  on  the  airplane.  No  test  data  were  reclaimed  from 
this  section  of  the  flight  but  estimates  of  the  performance  and 
structural  significances  are  given  in  (95). 

Ground  Effect 

During  the  initial  ground  running  on  the  force  measuring  rig,  an 
attempt  was  made  to  obtain  a  qualitative  analysis  of  ground  effect 
characteristics  through  the  use  of  tufts,  suspended  on  wires,  below 
the  aircraft.  Figure  326  shows  the  general  test  arrangement. 

Testing  with  the  tufts  in  place  was  limited  to  a  single  run  (the 
wires  restricted  operations  around  the  rig)  during  which  the  fol¬ 
lowing  characteristics  were  observed: 

(1)  The  point  of  interaction  of  the  washes  on  the  fuselage  from  the 
front  and  rear  propellers  appeared  to  depend  on  the  total  out¬ 
put  power  level.  At  low  total  output  power  there  was  no  evidence 
of  an  interaction  of  the  washes  under  the  fuselage;  but  instead, 


degrees 


Translational  Flight 


Figure  325.  X-19,  flight  numbers  8  through  22,  thrust  coefficient  vs 

power  coefficient  for  steady  hover  and  translational  flight 


Figure  326.  X-19,  test  installation  for  ground  effect  tuft  study. 
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a  general  flow  towards  the  rear  was  observed.  As  power  was  in¬ 
creased,  the  tufts  located  on  the  center  transverse  shifted  posi¬ 
tion  from  one  of  pointing  in  an  aft  horizontal  direction  to  pointing 
vertically  upwards.  Thus,  the  washes  were  now  combining  under  the 
aircraft  and  giving  rise  to  an  upwash  (fountain  effect). 

g.  System  Thrust  Response  to  Power  Excursions 

One  of  the  factors  involved  in  the  determination  of  the  hover 
"avoid"  regions  is  the  system  thrust  decay  and  response  character¬ 
istics  following  a  single  engine  failure. 

Ground  Run  No.  97  simulated  an  engine  failure  condition  by  chopping 
the  throttle  of  one  engine  while  operating  at  hover  power.  The 
other  engine  was  either  left  unchanged  or  simultaneously  accelerated 
to  maximum  power.  Figure  327  shows  the  thrust  transients  obtained 
with  the  above  procedure. 

Working  with  the  thrust  transients  of  Figure  327  the  vertical 
motion  of  the  aircraft  in  an  actual  situation  may  be  estimated. 
Figure  328  shows  the  vertical  velocity  vs.  time  that  would  result 
if  the  pilot  reacted  to  the  engine  failure  (maximum  power  on  re¬ 
maining  engine) ,  and  if  the  pilot  did  not  react  (no  change  in 
throttle  setting  of  remaining  engine) .  Figure  329  is  the  altitude 
the  aircraft  would  lose  as  a  function  of  time.  Figure  330  elimi¬ 
nates  the  time  element  and  shows  the  vertical  contact  velocity  as 
a  function  of  the  altitude  at  which  the  engine  failure  is  assumed 
to  have  taken  place. 

The  case  most  representative  of  an  actual  situation  is  that  where 
the  pilot  responds  to  the  failure  and  applies  power  on  the  remain¬ 
ing  engine.  Reference  to  Figure  330  shows  that  if  the  failure  oc¬ 
curred  at  an  altitude  of  10  feet  the  aircraft  would  contact  the 
ground  with  a  velocity  of  10  feet/second.  This  confirms  the  lower 
boundary  of  the  hover  avoid  region  which  limited  the  aircraft  to 
10  feet  of  altitude. 

h.  Fuel  Consumption 

Engine  fuel  flow  has  not  been  monitored  in  flight  testing  to  date. 

An  attempt  was  made  to  estimate  fuel  consumption  by  reading  the  fuel 
quantity  gauges  before  and  after  a  flight.  The  resulting  calculated 
values  of  fuel  consumption  differed  so  widely  as  to  be  unusable  and 
were  disregarded. 

Tests  subsequent  to  Flight  No.  22  have  incorporated  provisions  for 
measuring  fuel  flow  directly. 
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Figure  327.  X-19,  ground  run  number  97,  thrust  transient  following  throttle  chop 
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Figure  328.  Estimated  descent  velocity  vs  time  following  a  single  engine 
failure  in  hover  (based  on  X-19  ground  run  number  97). 


Time  -  seconds 


d  altitude  lost  vs  time  following  a  single  engine 
in  hover  (based  on  X-19  ground  run  number  97). 
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Figure  330.  Estimated  descent  velocity  vs  altitude  lost  following  a  single 
engine  failure  in  hover  (based  on  X-19  ground  run  number  97). 


5.  AIRCRAFT  STABILITY  AND  CONTROL 


The  flight  test  conducted  with  the  X-19  airplane  covered  the  speed  range 
from  hover  to  approximately  100  knots.  In  the  lower  speed  range  more  data 
is  available  than  at  speeds  above  70  knots  as  only  four  flights  were  made 
at  speeds  above  70  knots.  Generally,  the  overall  stability  and  control  of 
the  airplane  was  very  nearly  that  predicted  on  the  basis  of  the  experience 
gained  with  the  X-100  airplane,  helicopters,  and  fixed  base  simulatoi  tests. 

a.  Initial  Hover  Stability  and  Control  Results 

During  the  early  hover  tests,  flights  1  to  22,  no  formal  pilot 
opinion  ratings  were  recorded.  However  in  reviewing  the  pilot 
reports  and  records,  it  was  apparent  that  considerable  difficulty 
was  experienced  by  the  pilot  in  controlling  the  aircraft  in  hover. 

A  large  part  of  the  problem  was  due  to  flying  the  machine  without 
the  SAS  operating  and  therefore  the  necessary  artificial  damping. 
Initial  tests  were  made  close  to  the  ground  where  the  aircraft 
experiences  mild  and  unpleasant  upsetting  moments  which  caused 
the  pilot  to  lose  confidence  and  produce  large  pilot  induced 
oscillations  which  further  complicated  his  problems.  Due  to  this 
situation  the  initial  flights  were  almost  simultaneous  takeoffs 
and  landings  without  gaining  much  real  knowledge  on  the  behavior 
of  the  aircraft. 

When  the  pilot  gained  enough  confidence  in  the  aircraft  to  fly 
at  an  altitude  above  five  feet,  satisfactory  flights  were  accom¬ 
plished.  At  this  time  it  was  determined  that  adequate  control 
was  available  to  fly  the  aircraft  in  hover  without  the  necessity 
of  the  use  of  SAS.  Control  and  flight  characteristics  were  found 
to  be  adequate  so  that  a  good  summary  flight  could  be  accomplished 
illustrating  standard  hovering  maneuvers. 

b.  Pilot  Opinion  Rating 

Starting  with  flight  23  formal  pilot  opinions  were  obtained  using 
the  Cooper  rating  system.  This  system  is  based  on  a  numerical 
rating  scale  from  1  to  10.  A  rating  of  1  is  the  optimum  where 
10  is  catastrophic.  The  Cooper  scale  is  given  in  Table  XXII. 

In  using  the  scale  it  was  found  that  ratings  within  one  half  a 
point  would  be  obtained  which  indicates  that  the  system  is  repeat- 
able  and  gives  useful  data.  Therefore,  the  remainder  of  the 
stability  and  control  and  handling  characteristics  will  He  discussed 
in  terms  of  Cooper  ratings. 

c.  Flight  Tests  With  S.A.S.  Inoperative 

With  the  S.A.S.  inoperative  the  lack  of  rate  damping  inherent  in 
the  X-19  design  made  bovering  a  demanding  pilot  function,  with 
Cooper  Ratings  of  between  4  and  4L . 
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High  control  activity  introduced  in  opposition  to  aircraft  motion  re¬ 
sulted  in  oscillations  in  which  adequate  pilot  control  lead  wa9  dif¬ 
ficult  to  establish.  As  a  result  pilot  induced  oscillations  in  pitih 
and  roll  were  experienced  until  the  pilot  learned  to  minimize  control 
activity. 

F  .gute  331  illustrates  the  scope  of  Category  1  flight  testing  accom¬ 
plished  with  the  X-19.  Results  are  for  unaugmented  stability.  It 
can  be  noted  that  airborne  conversion/reconversion  r lying  has  pro¬ 
gressed  to  42.5  knots,  and  taxi  testing  to  47  knots.  In  general, 
steady  test  conditions  were  established  during  taxi  with  a  main 
landing  gear  reaction  load  of  approxinr*-"ly  1000  lb.  or  less.  This 
is  significart  in  that  i noway  surface  undulations  must  have  provided 
external  disturbances  about  all  three  axes.  During  taxi  the  nose 
wheel  was  closely  maintained  at  a  height  of  six  inches  above  the 
runway. 

Figures  332  and  333  present  pilot  ratings  (Copper  Scale)  about  the 
longitudinal  and  lateral  axes,  respectively.  It  can  be  noted  that 
a  steady  improvement  in  flying  qualities  is  reported.  The  rating  at 
hover  was  based  on  many  tests.  All  other  speeds  have  had  at  least 
two  pilot  ratings. 

Extensive  fixed-base  flight  simulation  in  the  0  co  85  knot  speed 
band  was  conducted.  These  results  are  also  plotted  in  Figures  332 
and  333.  For  comparison,  only  the  ratings  of  pilot  J.  V.  Ryan  are 
plotted  in  order  to  get  a  direct  comparison  with  his  flight  test 
ratings.  It  can  be  noted  that  although  the  rate  of  improvement  of 
handling  qualities  with  speed  is  nearly  the  same  from  both  sources, 
the  fixed-base  simulator  ratings  are  poorer  by  about  4  Cooper  points. 
This  difference  is  obviously  due  to  the  simulator  display  (visual 
cues)  and  lack  of  motion  cues.,  A  hover  rating  of  4.0  was  obtained 
on  the  NORAIR  moving-base  simulator;  a  substantiation  of  the  afore¬ 
mentioned  thesis  for  rating  differences.  Thus,  the  fixed-base 
simulator  results  should  logically  be  adjusted  to  lower  Cooper  Scale 
levels,  Table  ,  as  is  done  in  Figure  332. 

Of  significance  is  the  simulator  rating  at  49  knots  As  was  stated 
earlier,  wind  tunnel  test  results  formed  the  basis  for  simulation 
input  data.  Throughout  the  history  of  X-19  tunnel  testing  in  trans¬ 
ition  configurations,  unstable  moment  curves  have  been  found  at  the 
82.5  degree  tilt  angle,  corresponding  to  a  scheduled  speed  of  49  knot 
For  simulation  purposes  this  stability  derivative  was  employed. 

These  derivatives  stem  almost  exclusively  from  propeller  forces  and 
moments.  In  view  of  the  satisfactory  pilot  ratings  offered  in  ac¬ 
tual  flight  for  this  conf iguation,  at  neatly  the  schedule  speed,  it 
appears  that  the  simulator  rating  at  49  knots  can  be  discarded,  at 
least  with  the  S.A.S.  operating. 


Fixed 


J32.  X-19,  low  speed  longitudinal  handling  qualities,  with 

"off"  in  both  axes  (Pilot:.  J.V.  Ryan). 


TABLE  XXI.  -  COOPER  PILOT  OPINION  RATING  SYSTEM 
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Failure  of  a  stability  augraenter. 


Figure  334.  X-19,  pilot  opinion  rating  as  a  function  of  airspeed,  pitch 

axis.  Electronic  pitch  SAS  on. 


ilot  opinion  rating  as  a  function  of  airspeed,  roll 
Electronic  roll  SAS  on. 
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Figure  337.  X-19,  pilot  opinion  rating  as  a  function  of  airspeed,  height 

control.  Height  control  system  on. 


d.  STOL  Operations 

Flight  test  experience  in  Sl'OL  operations  was  limited.  However,  all 
indications  were  that  STOI.  take-offs  and  landings  between  20  and  70  kts. 
airspeed  were  straight-forward.  The  STOL  take-off  tests  showed  that 
the  power  required  decreased  with  speed  indicating  good  overload 
capability  as  was  predicted.  No  test  were  made  to  demonstrate  min¬ 
imum  field  length  in  either  take-off  or  landing,  so  distances  are  not 
available.  The  STOL  test  were  done  easily  and  the  aircraft  indicate 
satisfactory  handling  qualities  at  these  conditions. 
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SECTION  XIII 


ASSESSMENT  OF  RESULTS  AND  CONCLUSIONS 


SECTION  XIII 


ASSESSMENT  OF  RESl’LTS  AND  CONCLUSIONS 


1.  INTRODUCTION 

This  section  is  devoted  to  thoughts,  ideas  and  comme  caries.  For  the  most 
part  the  content  extends  the  Statement  of  Work,  by  presenting  the  thoughts 
of  . arious  contributors  to  the  X-19  program.  In  some  instances,  untested 
an  unproven  ideas  are  presented.  In  others,  experience  has  guided  the 
individual  to  his  specific  conclusions. 

2.  OVERALL  X-19  CONCEPT  AND  ITS  DERIVATION 
a.  Radial  Life  Propellers 

The  flight  tests  of  the  X-100  airplane  proved  that  the  tilt  pro¬ 
peller  VTOL  airplane  could  be  flown  over  a  wide  range  of  flight 
conditions  from  hover'  to  cruise  without  encountering  adverse 
effects  of  trim  changes,  wing  stall,  buffet,  etc.  Further,  the 
tests  indicated  that  the  propellers  do  generate  large  radial  force 
which  can  be  used  in  place  of  wing  area  required  for  the  transition 
flight  conditions.  It  should  be  noted  the  X-100  had  a  wing  loading 
in  excess  of  170  psf;  consequently  propeller  radial  lift  was  an  im¬ 
portant  part  of  the  overall  lift  required  during  the  transition  flight 
mode . 

The  concept  of  the  use  of  propeller  radial  lift  had  been  questioned 
by  many  investigators.  It  was  stated  that  although  lift  is  generated 
by  the  propeller  radial  force,  that  the  drag  associated  with  that 
force  is  large  and  also  the  loss  of  thrust  due  to  the  shaft  operating 
at  an  angle  of  attack  is  very  large.  With  the  final  result  of  the 
equivalent  drag  ratio,  it  is  unacceptably  low.  For  this  reason  the 
critics  of  the  principle  stated  that  the  idea  had  no  merit,  and  it 
was  better  to  use  the  wing  to  generate  lift.  In  actual  fact,  the 
propeller  radial  force  has  a  lift  drag  ratio  approximately  equal  to 
the  cotangent  of  the  shaft  angle  of  attack,  so  that  for  a  propeller 
shaft  angle  of  attack  of  2°  the  lift  drag  ratio  is  approximately 
equal  to  2F.6,  which  is  good  even  for  a  wing.  If  one  considers  the 
loss  of  thrust  due  to  the  propeller  operating  at  the  shaft  angle  of 
attack,  it  ’  -  observeu  that  the  loss  is  approximately  equal  to  the 
co'ine  of  the  angle  of  attack  which  for  2°  is  .9994,  hardly  a  sig¬ 
nificant  loss.  At  the  shaft  angle  of  attack  of  2°,  the  blade  sec¬ 
tion  angle  of  attack  will  vary  by  no  more  than  +  2°,  which  does  not 
increase  the  mean  drag  coefficient  of  the  blade  secticn  significantly. 
Even  if  the  blade  section  is  operating  at  the  most  unacceptable  con¬ 
dition  where  the  change  in  angle  of  attack  would  cause  a  ri3e  in  the 
mean  drag,  the  effect  on  overall  propeller  efficiency  is  small. 

When  the  propeller  is  operating  at  the  cruise  condition  and  near 
high  design  levels  of  efficiency,  a  change  of  drag  would  influence 
the  overall  efficiency  by  a  very  small  amount,  less  than  17».  When 
this  loss  is  considered,  the  propeller  is  still  capable  of  generating 
a  lift  drag  ratio  equal  to  the  overall  aircraft  lift  drag  ratio  and 
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provides  significant  levels  of  lift.  At  the  design  cruise  condition, 
analysis  indicated  that  the  propeller  would  generate  at  least  207 
of  the  lift  required  while  maintaining  high  levels  of  lift  drag  ratio 
equivalent  to  the  wing  alone. 

Part  of  the  argument  for  the  use  of  ptopeller  radial  lift  to  supple¬ 
ment  the  wing  lift  was  the  possibilitv  of  reducing  wing  weight  by 
eliminating  the  requirement  for  wing  area.  The  claimed  advantage  is 
significant  as  long  as  the  reduction  in  wing  weight  can  be  proportional 
to  the  area.  Unfortunately,  this  is  not  quite  true.  As  with  the 
small  wings  encountered  on  such  an  aircraft,  significant  increases 
in  weight  per  unit  area  are  required  to  provide  the  stiffness  of 
structural  characteristics  necessary  for  this  type  of  aircraft. 

To  see  the  overall  importance  of  radial  lift,  the  entire  aircraft 
configuration  must  be  reviewed  for  operation  on  a  given  mission. 

When  this  is  done  the  following  factors  will  be  observed: 

(1)  Increcsed  levels  of  thrust  tc  horsepower  ratio  can  be  generated 
with  propellers  installed  on  fixed  wing  aircraft  as  tne  disk 
loading  can  be  lower  than  in  the  case  of  the  tilt  wing  aircraft, 
This  is  possible  as  the  slipstream  generated  by  the  propeller 

is  not  needed  to  prevent  wing  stall  during  transition. 

(2)  The  wing  can  be  designed  for  optimum  performance  at  the  cruise 
flight  condition,  as  the  propellers  can  be  used  to  provide  the 
lift  necessary  during  conversion. 

(3)  Propeller  designed  to  provide  increased  radial  lift  can  be 
made  to  operate  at  lower  tilt  angles  during  conversion  than 
normally  designed  propellers.  Because  the  blade  width  is 
added  inboard  with  high  radial  force  propellers,  higher  values 
of  absolute  blade  thickness  can  be  used  and  still  maintain  low 
drag  inboard  blade  sections.  With  properly  designed  fiberglass 
blades  with  low  thickness  ratio  the  blade  weight  will  be  below 
the  weight  of  conventional  metal  blades. 

b.  Tile  propeller,  Fixed  Wing  Configuration 

The  use  of  propellers  for  providing  lift  in  hover,  transition  and 
cruise  plus  turust  at  all  forward  speed  flight  conditions  is  con¬ 
sidered  to  be  technically  sound,  so  long  as  the  maximum  design 
cruising  Mach  number  is  less  than  0.75  to  0.8.  The  propeller  of 
course  must  tilt  approximately  90°  to  fulfill  these  lift  and  thrust 
design  requirements.  For  any  disk  loading,  high  levels  of  Figure 
of  Merit  can  be  obt  ..ined  at  hover,  and  good  efficiency  is  possible 
at  the  cruise  condition.  The  tendency  is  for  the  propeller  tc  be 
underloaded  in  cruise;'  this  can  lead  to  some  losses  in  efficiency, 
unless  the  hover  and  cruise  flight  condition  are  properly  matched. 

A  reduction  of  turbine  speed  between  hover  and  cruise  is  helpful 
in  chis  respect.  However,  it  is  not  the  entire  answer.  The  best 
procedure  to  ootain  peak  performance  is  the  proper  matching  of 
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propeller  disk  power  and  wing  loadings  to  the  condition.  By  proper 
design  and  matching,  the  hover  performance  of  the  propellers  can 
attain  a  Figure  of  Merit  of  78  to  80%  while  the  cruise  efficiency 
can  be  on  the-  level  of  80  to  85%.  This  cruise  level  of  performance 
is  very  close  to  that  obtained  with  conventional  aircraft. 


With  a  fixed  wing  design  the  static  slipstream  produced  by  the 
propeller  creates  a  blowdown  less  on  the  wings  and  nacelle  which 
reduces  the  hover  lift.  This  loss  is  the  main  disadvantage  cf  the 
fixed  wing  Lilt  propeller  configuration.  The  effects  of  this  loss 
can  be  minimized  through  a  small  increase  in  propeller  disk  area, 
as  this  increases  the  available  thrust  to  horsepower.  Deflection 
of  the  wing  flaps  and  the  addition  of  flow  controlling  vanes  also 
reduces  the  download  loss.  Additional  research  and  testing  should 
prove  to  be  fruitful  in  overcoming  this  difficulty.  This  was 
indicated  by  the  limited  program  accomplished  by  this  contractor. 

Flight  tests  have  shown  that  the  blowdown  loss  on  the  wing  becomes 
zero  at  very  low  flight  speeds.  Depending  somewhat  on  the  config¬ 
uration,  this  occurs  at  speeds  from  25  to  35  knots.  It  appears 
that  flow  is  rapidly  displaced  aft,  thereby  generating  an  in¬ 
creased  circulation  about  the  wing.  This  characteristic,  along 
with  good  translational  propeller  lift  characteristics,  makes 
possible  a  rapid  reduction  of  power  with  increased  flight  speed; 
see  Section  XII.  As  a  result,  the  tilt  prope1 ler  fixed  wing  air¬ 
craft  does  have  good  overload  capacity  when  using  conventional  and 
STOL  take-off  operating  techniques.  The  X-19  and  X-100  airplanes 
were  often  criticised  for  having  no  overload  STOL  flight  capabil¬ 
ity;  flight  tests  with  both  airplanes  have  proved  this  to  be  un¬ 
true. 

The  advantage  of  the  fixed-wing  tilt-propeller  configuration  is 
realized  also  in  the  area  of  improved  flight  characteristics  in 
transition.  Since  the  v;  g  is  fixed  to  the  fuselage,  the  air¬ 
craft  is  handled  like  a  .•  ventional  airplane;  it  is  not  nec¬ 
essary  to  worry  about  wing  stall  within  the  normal  aircraft  angle  of 
attack  range.  Also,  the  propeller  does  not  exhibit  a  sharp  stall  char¬ 
acteristic.  Therefore  during  the  conversion  maneuver  little 
danger  of  stall  or  buffet  will  be  observed.  In  addition,  the  air¬ 
plane  will  have  a  wide  tilt-angle  speed  band  because  of  the 
favorable  chi  ceteris  tics  of  the  tiit-prope1  ier  fixed-wing  com¬ 
bination.  This  makes  possible  a  simpler  conversion/reconversion 
maneuver,  so  important  to  the  VTOL  airplane. 
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c.  Tandem  Wing  Configuration 


(1)  General 

The  tandem  wing  propeller  configuration  has  many  advantages 
in  the  hover  and  low  speed  flight  operating  regimes.  Satis¬ 
factory  hover  control  powers  are  obtained  about  all  axes, 
and  cross  coupling  of  controls  can  be  eliminated.  The  air¬ 
plane  can  be  built  in  larger  sizes  without  exceeding  present 
day  propeller  diameter  experience. 


Although  many  advantages  can  be  found  for  the  tandem  wing 
configuration,  experience  gained  from  the  design  and  develop¬ 
ment  of  the  X-19  indicate  that  serious  faults  are  inherent  in 
this  type  of  aircraft.  For  example,  to  have  a  practical  and 
light  transmission,  the  propeller  on  the  tandem  wing  airplane 
will  be  located  at  the  ends  of  the  wings  with  the  center  of 
tilt  at  approximately  the  one-third  chord  point.  With  equal 
diameter  propellers  designed  for  peak  efficiency  at  the 
hover  condition,  it  is  desirable  to  have  the  take-off  center 
of  gravity  located  midway  between  the  fore  and  aft  pro¬ 
pellers.  For  this  c.g.  location,  the  propellers  will  lift 
equally  and  the  power  split  will  also  be  equal  fore  and  aft. 
Unfortunately,  when  the  propellers  are  tilted  down  to  the 
cruise  condition, a  c.g.  near  the  507.,  location  results  in  an 
unstable  configuration,  unless  a  large  rear  wing  and  a  large 
vertical  tail  are  used.  Such  a  combination  becomes  heavy  and 
inefficient.  By  moving  the  c.g,  forward  so  that  the  propel¬ 
lers  lift  unequally  at  take-off,  the  area  requirement  for 
obtaining  longitudinal  stability  at  the  rear  wing  is  reduced. 
When  the  c.g.  is  moved  forward  the  propellers  operate  off 
peak  efficiency  and  thus  require  more  total  power,  which  tends 
to  reduce  the  take-off  gross  weight.  The  weight  of  the 
transmission  increases  as  the  steady  power  on  the  front  pro¬ 
pellers  increases.  On  the  X-19,  the  maximum  hover  aft  c.g. 
was  located  at  approximately  the  437,  station;  the  rear  wing 
had  double  the  area  of  the  front  wing. 

This  c.g.  location  resulted  in  loss  of  hover  lift  of  approx¬ 
imately  37,  compared  with  the  507  c.g.  location.  In  addition 
the  download  loss  was  greater  on  the  rear  propellers  due  to 
the  increased  wing  area.  These  losses  must  be  charged  to  the 
basic  configuration.  The  total  hover  lift  loss  is  at  least 
67. 
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A  vertical  take-off  and  landing  airplane  should  have  a  light 
efficient  structure  to  obtain  an  airplane  that  is  competitive 
with  present  vehicles.  The  tanden  wing  aircraft  appears  to 
be  inherently  htavicr  than  competitive  types.  One  reason  for 
this  is  the  torsion  and  bending  loads  induced  in,  the  fuselage 
by  the  wings  and  propellers.  This,  coupled  with  the  heavy 
wings  and  tail  is  another  problem  encountered  with  che  tandem 
configuration.  The  chore  of  coupling  the  propellers  to  the 
tandem  wing  machine  is  also  considered  a  major  problem.  This 
is  further  complicated  by  the  problem  of  finding  a  proper  lo¬ 
cation  for  the  engines  and  leads  to  a  heavy  transmission 
system. 


(2)  Stability  and  Control 


From  a  stability  and  control  standpoint  the  tandem  wing, 
tandem  propeller  configuration  is  an  extremely  complex 
engineering  design.  Estimation  of  stability  and  control 
derivatives  is  possible, within  the  current  state-of-the-art, 
to  an  acceptable  degree.  However,  much  is  yet  to  be  learned 
regarding  the  characteristics  of  such  an  aircraft.  Following 
are  the  major  advantages  and  disadvantages  of  the  X-19  con¬ 
cept  from  a  stability  and  control  point  of  view. 

(a)  Advantages: 

(aa)  Pitch  and  Roll  Control  in  Hover 

The  "four  poster"  configuration  provides  excellent 
pitch  and  roll  control  by  means  of  the  hover  lift 
devices,  minimizes  power  expenditure  for  control, 
and  eliminates  the  need  for  any  auxiliary  control 
device.  Zero  control  cross-coupling  through 
transition  is  easily  accomplished. 


'bt>  High  Radial  Force  Propellers  (Damping  Effectl 

The  high  propeller  damping  in  cruise  configuration 
allows  very  small  static  margins  in  order  to  yield 
wholly  acceptable  uyua...ics. 
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(b)  Disadvantages: 

(aa)  Short  Moment  Arms 

Of  necessity  the  center  of  gravity  falls  approxi¬ 
mately  midway  between  the  fore  and  aft  wings,  and 
the  required  wing  area  is  provided  by  two  small 
wings  rather  than  one  large  one.  These  inherent 
characteristics  leave  the  vertical  tail,  the 
elevators  and  the  ailerons  with  comparitively 
short  moment  arms  which  result  in  severe  penal¬ 
ties,  namely: 

(i)  Vertical  Tail 


In  order  to  provide  sufficient  directional 
stability  the  vertical  tail  area  is  large. 
Its  center  of  pressure  is  located  a  sub¬ 
stantial  vertical  distance  above  the  center 
of  gravity  and  thus  the  tail  makes  a  sig¬ 
nificant  contribution  to  dihedral  effect 
(Clft  ).  The  large  value  of  this  derivative 
waspthe  cause  of  most  of  the  X-19's 
lateral-directional  stability  and  control 
deficiencies . 


(ii)  Aileron  Power 


Although  this  was  not  considered  a  serious 
deficiency,  control  power  is  clearly 
limited  by  the  small  wing  span.  Initially 
the  ailerons  were  located  on  the  front 
wing  until  it  was  realized  that  their 
effectiveness  was  drastieeljy  reduced  by 
the  change  in  dcwnwash  at  the  rear  wing. 
For  example,  right  aileron  down  produces 
an  increase  in  front  eight  wing  lift  but 
also  an  increase  in  downvash  angle  at  the 
right  rear  wing..  This  causes  a  decrease 
in  effective  angle  of  a>  tack  of  the  right 
tear  wing  and  hence  a  decrease  in  lift. 


(iii)  Elevator  Power 

Large  elevator  angle  per  "g"  and  elevator 
angles  to  trim  were  required  at  low  speed 
(due  alsc  to  the  non-linear  Cm  vs  a 
characteristic)  resulting  in  high  trim 
>ag. 
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(bb) 


High  Wings 


The  shoulder  mounting  of  the  wings  provided  the 
major  contribution  to  rolling  moment  derivative 

.  It  is  of  course  recognized  that  this  wing 
position  is  the  only  logical  one  for  a  number  of 
other  important  reasons,  including  transmission 
cross-shafting,  propeller  ground  clearance,  min¬ 
imum  transmission  complexity  (for  the  given  engine 
location),  etc.  Negative  dihedral  may  provide 
a  solution  but  would  create  problems  involving 
the  transmission  system  shafting. 

(cc)  High  Radial  Force  Propellers 


A  direct  effect  on  the  side 
of  the  aircraft. 


force  derivative  Cy^ 


(i) 


-  Yawing  moment  derivative 


Propeller  radial  force  provides  about  50% 
of  the  total  contributions  to  .  The 
resulting  value  of  is  high  and  ad¬ 
versely  affects  the  airplane's  ride  quality 
when  flying  in  lateral  turbulence. 


(ii)  Hinge  Moments 


With  the  propellers  providing  a  substantial 
portion  of  lift  in  the  cruise  configura¬ 
tion,  the  wing  area  required  decreases. 

The  X-19's  wings  were  extremely  small  in  __ 
area  but  aerodynamically  thick,  the  latter 
to  provide  structural  integrity  and  fair¬ 
ings  over  the  transmission  shafting.  Hinge 
moment  variation  with  surface  deflection 
of  control  surfaces  on  thick  wings  is  normally 
quite  non-linear,  making  both  the  estimation 
of  hinge  moment  Chg  and  the  design  of  a 
manual  system  difficult  tasks.  In  the 
case  cf  the  X-19,  it  was  necessary  to  install 
power  boost  on  both  elevator  and  aileron 
systems  to  overcome  the  high  hinge  moments 
at  large  control  surface  deflections,  and  to 
provide  linear  stick  force  gradients. 

Power  boost  of  course  adds  to  the  cost, 
weight  and  complexity.  It  would  be  unreason¬ 
able  to  judge  such  an  obtuse  effect  as  a  basic 
design  deficiency,  but  it  is  an  interesting 
by-product  of  a  new  design  philosophy. 
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(dd)  Hover  Yaw  Control 

Hover  yaw  control  deficiencies  are  discussed  in 
some  detail  in  Section  VI,  paragraph  9.b.; 
suffice  it  to  state  here  that  the  \-19's  hover 
yaw  control  would  be  unacceptable  in  an 
operational  aircraft. 

d.  Control  Power 

In  cruise  the  X-19  deviated  from  MIL-F-8785  (ASG)  control  require¬ 
ments  in  two  areas,  namely,  by  not  meeting  the  stated  pb/2v  mini- 
mums  or  the  steady  sideslip  requirement.  Regarding  the  pb/2v 
requirement,  it  was  felt  that  these  specifications,  evolving  from 
service  experience  with  single  wing  aircraft,  were  not  directly 
applicable  to  the  tandem  wing  X-19  type  which  has  a  much  smaller 
wing  span  than  conventional  aircraft.  This  is  influencing  as 
the  specification  was  derived  based  on  the  helical  speed  of  the 
wing  tip.  As  a  result,  a  minimum  design  value  for  maximum 
steady  roll  rate  of  40  deg/sec  was  selected,  a  value  which 
was  considered  adequate  for  a  transport  type  VTOL  airplane. 

To  increase  the  roll  rate  above  the  selected  minimum  would 
have  necessitated  larger  capacity  power  boost  or  the  installa¬ 
tion  of  an  elevon  or  spoiler  system. 


Steady  sideslip  capability  was  "apparently"  limited  by  the  avail¬ 
able  lateral  contrcl  power,  in  that  full  aileron  ;as  required  for 
trim  at  considerably  less  than  specified  sideslip  angles  (refer 
to  Section  VII,  Paragraph  l.b.(5)(e)  ). 


This  however  is  not  so  much  a  reflection  of  ai 
upon  the  derivative  The  unusually  high 

discussed  in  Section  XIII,  Paragraph  4.c.  and 
graph  5.b.(2)(b).  It  is  directly  responsible 
rolling  moments  during  sideslip  maneuvers  and 
need  for  inordinately  high  aileron  power. 


leron  power  as  it  is 
value  of  C]g  is 
Section  VII,  Para- 
for  generating  large 
hence  creates  the 


Longitudinal  cor  tol  (elevators)  conformed  to  MIL-F-8785  (ASG)  for 
cruising  flight. 
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Hover  control  powers  deviated  from  MIL-H-8501A.  This  deviation 
was  intentional  and  resulted  from  analysis  of  the  various  hover 
.and  low-speed  handling  qualities  studies  available  at  the  time, 
together  with  C-W's  own  simulator  and  X-100  flight  test  experi¬ 
ence.-  The  follow 


;  maximum 
19:' 

angular 

accelerations  were  specified, 

Pitch : 

0.682 

rad/sec^ 

Roll: 

1.75 

rad/sec^ 

Yaw:. 

0.121 

rad/sec^ 

The  very  low  yaw  acceleration  was  partially  justified  on  the 
basis  of  a  predicted  Nv  of  essentially  zero,  and  zero  control 
cross-coupling.  Yaw  control  is  discussed  in  some  detail  in 
Section  II,  Paragraph  9.b. 

For  transition,  flight  control  was  effected  by  both  the  propellers 
and  conventional  aerodynamic  surfaces.  Propeller  control  was 
phased  out  mechanically  with  decreasing  propeller  tilt  angle  in 
such  a  manner  that  available  control  moments  were  held  constant  or 
allowed  to  increase  slightly  to  about  80  knots.  Be;-nd  this, 
control  moments  were  allowed  to  vary  smoothly  until  che  propellers 
were  fully  tilted  down.  Propeller  pitch  and  roll  control  were 
phased  out  completely  at  160  knots,  and  directional  control  at 
100  knots. 


For  transition,  the  propeller  contributions  to  control  were  de¬ 
signed  for  zero  coupling  about  any  of  the  axes  while  normal 
later?l-directional  coupling  resulted  from  the  rudder  and  ailerons 
(i.e.,  the  aerodynamic  contributions  to  control).  This  philoso¬ 
phy  of  control  led  to  good  ratings  of  handling  qualities  during 
Category  I  flying  as  reported  in  Section  VI,  Paragraph  4. 


e.  Transmission  Design  Philosophy 

Design  philosophy  of  the  X-19  transmission  system  has  been  the 
subject  of  many  heated  discussions.  Questions,  which  have  not 
been  completely  resolved  include:;  time  histograms  versus  infinite 
life,  addition  of  control  and  throttle  loads,  weight  growth,  air 
density  and  center  of  gravity  effects.  Comments  concerning  these 
parameters  will  be  made. 

First,  however,  the  evolved  design  philosophy  will  be  described. 

To  start  with,  the  transmission  was  initially  designed  for  an  air¬ 
craft  weighing  10,000  pounds.  The  center  of  gravity  was  realis¬ 
tically  defined  and  generous  torque  increments  were  allowed  for 
control  deflections.  No  allowance  for  excessive  throttle-imposed 
torques  was  allowed.  From  this  basic  concept,  an  external 
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physical  envelope  was  defined.  With  the  inevitable  weight  growth 
that  accompanies  new  aircraft,  the  transmission  torque  requirements 
grew. 

Correspondingly,  the  moments  of  inertia  were  growing,  which  in 
turn  required  higher  control  moments.  Both  of  these  factors  con¬ 
tributed  to  the  obsolescence  of  the  original  transmission.  The 
designers  were  hard  put  to  uprate  the  transmission  within  the 
physical  envelope.  It  was  inevitable  that  a  hover  time-torque 
histogram  evolved.  This  histogram  was  pertinent  to  combined 
pitch-roll  maneuvers.  Yaw  inputs  would  be  added  into  the  histo¬ 
gram  on  a  separate  time  basis.  The  governor  system  was  designed 
to  preclude  a  throttle  input  in  excess  of  20  percent.  One  ot  the 
major  questions  to  be  answered  was  how  to  allot  the  total  time  to 
the  histogram.  Obviously,  a  hover  mission  consumes  life  faste 
than  a  cruise  mission. 

By  contrast,  helicopters  are  designed  to  accept  full  throttle 
torque  at  infinite  life.  Control  deflections  (pitch,  roll)  have 
but  small  influence  on  the  torque.  I t  is  understood  the  present 
tilt  wing  designs  (single  wing)  adhere  to  this  philosophy.  Un¬ 
questionably,  this  philosophy  is  costly  in  weight.  However,  there 
appears  to  be  no  movement  to  depart  from  this  point  of  view. 

Undoubtedly,  the  X-l'J  transmission  can  be  designed  to  an  infinite 
life  philosophy  including:  Full  throttle  and  control  deflection; 
most  forward  center  of  gravity  and  low  air  density.  The  weight 
penalty  however  would  be  prohibitive.  This  philosophy  is  un¬ 
realistic  for  an  X-19  type  of  aircraft.  It  is  believed  that  a 
realistic  design  can  be  evolved  which  yields  infinite  life  with¬ 
out  adding  all  inputs  algebraically.  It  is  further  believed, 
that  had  the  aircraft  attained  additional  flight  experience,  the 
answer  would  have  been  obtained. 

Experience  has  demonstrated  one  point  in  a  dramatic  fashion.  A 
minimum  requirement  would  be  to  design  for  maximum  throttle- 
imposed  torque,  or  limits  established  by  a  throttle  stop. 

The  designer  must  accept  the  application  of  full  throttle  as 
an  instinctive  pilot  reaction  in  certain  maneuvers  and  that 
excess  torque  must  be  passed  safely  through  the  system. 


It  is  likely  that  experience  would  have  demonstrated  a  maximum 
additive  control  deflection,  had  the  test  program  continued.  In 
the  case  of  the  X-19,  this  would  have  been  a  harsher  nacelle- 
design  condition  than  full  throttle.  Without  the  benefit  of  ex¬ 
perience,  it  is  belived  the  nacelle  system  should  be  designed  to 
infinite  life  for  this  condition.  Furthermore,  this  design  point 
should  reflect  the  most  forward  center  of  gravity  and  lowest  air 
density  anticipated. 
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Since  the  VTOI.,  concept  is  in  early  development  compared  with  the 
fixed  wing  airplane,  a  ies.'on  can  be  learned  from  fixed  wing 
philosophy.  Many  companies,  in  establishing  basic  airframe 
loads,  recognize  the  weight  growth  problem.  They  anticipate  this 
by  designing  to  a  somewhat  higher  weight  than  the  initial  target 
value.  The  weight  penalty  is  not  too  harsh  and  the  aircraft  then 
has  general  growth  potential.  Therefore  VTOL  designers  should 
reflect  growth  in  their  transmission  designs.  One  such  reflection 
would  be  to  anticipate  a  physical  envelope  somewhat  larger  than 
required  for  the  target  weight.  Then  if  necessary,  the  trans¬ 
mission  could  be  uprated  with  lesser  efforts  in  the  future.  It 
has  been  difficult, in  the  past,  to  convince  people  to  design  a 
VTOL  transmission  to  a  higher  than  target  weight.  Yet,  experience 
has  repeatedly  shown  that  this  is  not  conservative.  The  weight 
will  grow. 

f.  Gust  Sensitivity 

The  susceptibility  of  the  X-19  longitudinal  dynamics  to  gusts  and 
other  atmospheric  turbulence  was  predicted  to  be  equal  to,  or 
less  than,  current  subsonic  jet  transports.  The  lateral  modes, 
however,  were  predicted  to  respond  to  a  very  wide  range  of  gust 
frequency . 

The  broad  band  width  of  the  lateral  response  was  due  mainly  to  the 
fact  that  in  addition  to  the  normal  Dutch  Roll  mode  the  X-19 
possessed  a  spiral-roll  (sometimes  called  "lateral  phugoid")  mode, 
rather  than  the  customary  aperiodic  roll  and  spiral  modes.  This 
additional  oscillatory  mode  ,  combined  with  large  values  of  C 
and  presented  what  was  thought  to  be  a  less  than  desirable  ^ 

situation  regarding  lateral  gusts.  It  meant  that  lateral  dis¬ 
turbance  corrections  to  the  aircraft  would  be  frequent  and  would 
require  significant  levels  of  control  moment. 

g.  Propeller  Control  Problems 

In  a  VTOL  airplane  such  as  the  X-19,  the  propeller  control  system 
should  be  emphasized  as  a  major  design  area.  It  is  felt  this  was 
not  sufficiently  recognized  in  the  early  design  stages. 
Consequently,  an  all  mechanical  design  evolved  which  was  required 
to  do  the  following:  (1)  pass  all  pilot  control  motions  into  the 
coordinator;  (2)  have  the  coordinator  unscramble  the  signals  and 
generate  four  separate  output  signals;  (3)  pass  the  coordinator 
outputs  through  four  independent  mechanical  linkages  connecting 
the  coordinator  to  each  of  four  nacelle  gain  changers; 

(4)  magnify  the  nacelle  input  signal  as  a  function  of  tilt  angle 
(one  for  each  propeller);  and  (5)  pass  the  magnified  signal 
from  the  nacelle  gain  changer  to  a  propeller  hydraulic  servo 
system  which  generates  the  propeller  blade  angle. 
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Experience  in  rigging  the  control  system  showed  that  the  co¬ 
ordinator,  nacelle  gain  changer,  and  propeller  servo  system  re¬ 
quired  furuher  rigging  development.  The  problem  encountered 
resembles  a  chair  with  four  extensible  legs,  each  of  which  ex¬ 
tends  a  different  amount  than  desired.  The  result  is  a  wobbly 
chair.  In  the  case  of  the  X - 1 9  control  system,  the  assymmetry 
results  in  control  deflection  in  the  transition  regime,  or  torque 
imbalance  in  cruise. 

The  nacelle  gain  changers  were  originally  installed  in  the  system 
to  provide  greater  resolution  power  to  the  coordinator,  and  to 
provide  a  varying  propeller  low-pitch  stop  with  tilt  variation. 
Although  these  aims  were  adequately  met,  the  inevitable  occurred. 
Each  of  the  nacelle  gain  changers  were  slightly  different  due  to 
manufacturing  tolerances.  Therefore  they  required  a  greater 
than  desired  rigging  and  calibration  effort.  This  effort  was  in 
fact  made;  and  toward  the  end  of  the  program  the  system  was  con¬ 
sidered  adequate  for  the  X-19  flight  operation  anticipated.  The 
Number  2  airplane,  in  the  meanwhile  was  being  modified  to  provide 
a  more  precise  rigging  procedure.  No  doubt  the  control  system 
would  have  functioned  as  required. 

From  the  problems  encountered  with  the  control  system,  it  is 
quite  obvious  the  nacelle  gain  chafigers  should  never  have  been 
installed.  Furthermore,  all  of  the  gain  should  have  been 
built  into  the  coordinator  or  its  counterpart.  The  rigging 
and  linkages  should  have  been  devised  in  such  a  manner  that 
manufacturing  tolerances  would  be  lost  in  the  linkage  motion. 
Subsequent  designs  originating  within  the  company  did  in 
fact  accomplish  these  ends.; 

A  subtlety  encountered  within  the  control  system  should  be  men¬ 
tioned  here.  Let  us  assume  the  resolution  of  the  control  system 
is  defined  and  a  tolerance  error  is  transmitted  to  the  propeller. 
The  greater  the  Activity  Factor  of  the  propeller,  the  larger  will 
be  the  deviation  in  thrust  or  torque  generated  at  the  propeller. 
In  other  words,  the  greater  the  propeller  sensitivity  to  blade 
angle  change,  the  more  restrictive  will  be  the  tolerances  within 
the  control  system.  The  high  normal  force  propeller  tends 
toward  the  high  blade  angle  sensitivity.  Hence  some  of  the  re¬ 
solution  problems  encountered  in  the  X-19  are  attributable  to  the 
propeller.  This  is  a  typical  example  of  the  control  system  tol¬ 
erances  mitigating  the  attributes  of  high  normal  force. 
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OPERATIONAL  flight  considerations 


a.  Engine-out  Safety 

One  of  the  major  problems  encountered  with  the  design  of  VTOL 
aircrait  is  that  of  engine-out  safety.  Unless  rotors  operating 
at  low  disk  loadings  are  used,  it  will  not  be  possible  to  make 
safe  landings  by  autorotat ing .  For  this  reason  it  is  necessary  to 
provide  for  engine-out  safety  in  other  ways  .- 

Most  fixed  wing  aircraft  are  in  serious  trouble  when  a  complete 
power  failure  is  encountered.  The  airplane  must  be  flying  in  an 
area  where  an  emergency  landing  is  possible,  to  have  any  chance  of 
survival  when  all  the  engines  are  "lost".  As  a  cruising  VTOL 
aircraft  is  considered  to  be  more  nearly  like  a  fixed  wing  air¬ 
craft  than  a  helicopter,  it  is  considered  unrealistic  to  expect 
100%  safety  when  a  complete  power  failure  is  encountered.  For 
this  reason  it  is  believed  that  the  VTOL  airplane  should  be 
protected  in  the  same  manner  as  a  conventional  fixed  wing 
airplane,  only  for  the  case  when  one  engine  becomes  inoperable. 

Protection  against  a  failure  of  one  engine  should  also  be  similar 
to  that  provided  in  conventional  aircraft.  That  is,  below  a 
certain  speed  and  altitude  an  engine  failure  would  result  in  an 
aborted  flight,  whereas  above  this  critical  speed  and  altitude 
the  flight  could  continue  after  an  engine  failure.  Such  failure 
conditions  would  be  quite  restri< five, especially  with  a  two-engine 
aircraft  such  as  the  X-19,  where  the  critical  speed-altitude 
point  is  45  knots  and  20  feet.  This  failure  criteria  would  result 
in  a  requirement  for  a  considerable  take-off  and  landing  area  and 
thus  tends  to  defeat  che  original  VTOL  idea.  It  would  appear  that 
the  main  task  would  be  to  reduce  this  critical  speed  and  increase 
the  altitude,  so  that  true  VTOL  flight  characteristics  would  be 
obtained.  By  increasing  the  number  of  engines  and  improving  the 
capacity  of  the  landing  gear  it  is  believed  that  the  desired  level 
of  engine-out  safety  can  be  obtained  along  with  true  VTOL  opera¬ 
tion  .; 

b.  Cruise  Stall  Characteristics 

The  X-19  configuration  is  quite  unusual.  The  wings  are  of  high  wing 
loading  (W/S  ~  80  psf)  and  medium  aspect  ratio  between  (4. 7 >AR  >6.8) . 
Without  the  propellers  mounted  the  front  wing  stalls  at  approxi¬ 
mately  a fus  =  14  degrees.  The  rear  wing,  because  of  the  down- 
wash,  stalls  at  about  afus  =  19  degrees.  Both  wings  are  thick, 
so  ’'at  the  stall  is  very  gentle.  With  no  propellers,  the 
airplane  stalls  at  about  a fus  “  ^  degrees,  but  does  not  ex¬ 
perience  a  lift  falloff.  The  lift  above  stall  .s  fairly  constant. 

The  pitching  moment  becomes  heavily  stable  as  the  front  wing  goes 
through  stall  and  continues  negative  beyond  the  capability  of  the 
elevator  (a  safe  characteristic).  When  the  ear  wing  stalls  the 
moment  curve  flattens  out  and  for  several  degrees  2fus 

continues  beyond  the  capability  of  the  elevator.. 
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When  the  propellers  are  mounted  on  the  model,  one  :  es  a  change' 
in  the  pattern  of  the  front  wing  stall..  Apparently  the  propeller 
wake  energizes  the  boundary  layer  and  the  wing  does  not  stall 
until  perhaps  a fus  =  19  degrees.  The  rear  wing  pattern  does 
not  change  strongly  due  to  the  propeller  influence.  The  airplane's 
lift  curve  changes  radically  with  the  propellers  mounted.  The 
propeller  normal  force  increases  the  lift  slope  about  35  per¬ 
cent  and  delays  the  stall.  In  one  wind  tunnel  test,  the 
fuselage  attitude  was  brought  to  a fus  =  29  degrees.  The  CLmax 
1.85  (untrimmed)  was  approached  in  a  gentle  curvature.  (Note 
that  flaps  were  neutral) .  The  lift  curve  resembled  that  of  a  low 
aspect  ratio  wing.  The  pitching  moment  is  slightly  less  stable 
due  to  the  propellers..  However  at  the  higher  attitudes  the  pilot 
will  run  out  of  control  power.  Although  the  pitching  moment  curve 
does  become  more  positive  in  the  stall  region,  it  always  remains 
negative,.  Therefore  the  possibility  of  a  locked-in  stall  does  not 
exist .. 

A  question  which  frequently  arose  was,  can  the  aircraft  be  pitched 
to  the  capability  of  the  elevator?  The  reason  for  this  is  the 
possibility  of  a  buffet  problem.  There  was  no  known  indication 
ir  the  wind  tunnel  of  model  buffeting  near  the  stall.  Yet  one 
wonders  whether  any  vortices  shed  from  the  front  wing  would 
intercept  the  rear  wing  ar.d  generate  a  buffet  condition.  It  is 
not  known  whether  other  tandem  wing  designs  of  the  past  have 
encountered  this  problem.  It  is  believed  that  had  this  condition 
existed,  aerodynan ic  fairing  could  have  been  a  solution.  The  flight 
tests  that  were  performed  never  even  hinted  at  this  possibility. 

Handling  and  Flying  Qualities 

in  general,  the  aim  with  regard  to  flying  qualities  was  to  comply 
with  MIL-H-8501A  in  hover  and  MIL-F-8785  (ASG)  in  cruise.  During 
transition,  the  object  was  to  comply  with  MIL-H-8501A  when  the 
primary  response  to  longitudinal  stick  was  attitude  and  to 
MIL-F-8785  when  the  response  was  by  aerodynamic  forces  of  con¬ 
ventional  lifting  surfaces.  Many  conflicting  situations  arose, 
of  course,  and  were  usually  resolved  by  means  of  simple  fixed- 
base  flight  simulation. 

The  aforementioned  aim  was  accomplished  for  the  most  part.  The 
only  notable  exceptions  were  the  cruise  configuration  roll  rates 
and  steady  sideslips  of  MIL-F-8785  (ASG)  and  the  hover  control 
power  and  response  of  MIL-H-8501A, 

The  design  philosophy  which  evolved  resulted  in  satisfactory  pilot 
opinion  ratings  with  3AS  on  throughout  the  Category  I  testing  (up 
to  90  knots).  Pilot  opinion  ratings  of  2,  in  hover  operation  were 
obtained  about  the  pitch  and  roll  axes.  Above  -0  knots  pilot  opin¬ 
ion  ratings  of  2  were  obtained  about  all  three  control  axes  as  well 
as  the  height  control  system. 
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Development  of  a  good  stability  augmentation  system  was  demon¬ 
strated  to  be  well  within  the  state-of-the-art  with  the  electronic 
pitch  and  roll  rate  plus  position  SAS . 

Based  on  analysis  and  the  limited  quantity  of  flight  test  data 
available  the  airplane  was  predicted  to  possess  a  wide  transition 
corridor  in  terms  of  speed  range  at  a  fixed  propeller  tilt  angle. 


Cruise  flying  qualities  were  predicted  to  be  satisfactory,  with 
the  possible  exception  of  a  roll-yaw  control  problem.  Although 
good  lateral  stability  was  predicted,  rudimentary  fixed-base 
simulation  indicated  a  control  coordination  problem  traceable  to 
the  large  dihedral  effect  (  ci£  ) .  One  of  the  problems  associated 
with  the  tandem  layout  is  that  the  c.g.,  of  necessity,  lies 
approximately  mid-way  between  front  and  rear  wings  with  the  result 
that  vertical  tail  moment  arm  is  relatively  short.  This  situation 
led  to  the  very  large  X-19  tail  necessary  for  static  directional 
stability.  It  contributed  significantly  to  the  already  high  Cx„ 
derivative  (due  to  the  shoulder  wing  position)  and  the  high  Cy  ” 
derivative  (due  largely  to  high  propeller  radial  force).  The  “ 
overall  result  was  that  in  cruise  the  X-19's  lateral-directional 
handling  qualities  left  much  to  be  desired.  Lateral  acceleration 
due  to  a  lateral  disturbance  was  high  (due  to  high  Cy_  )  coupled 
with  large  roll  angle  excursions  (due  to  high  C]_  )  .P 


If  any  further  details  on  the  aerodynamic  design,  performance, 
stability  and  load  analysis  characteristics  of  the  X-19  are  required, 
the  summary  reports  Curtiss  Wright  numbers  014-251,  014-252  and 
014-253  should  be  consulted. 
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